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Abstract
The ALICE detector system has excellent particle identification (PID) capabilities employing a variety of
techniques. One of these is the specific energy loss dE/dx measurement in the Time Projection Chamber
(TPC). The dE/dx is different for each particle species and can be used to identify charged particles
including also (anti-)nuclei. The time-of-flight method uses the m2/z2 distributions (m = mass of the
particle, z charge number of the particle), which are determined from the flight time and the length of
the particle trajectory measured with the Time-Of-Flight (TOF) detector, and the momentum extracted
through combined tracking in the ALICE setup in the mid-rapidity region.
Within this doctoral thesis these techniques are used for the search for two exotic bound states, the Λn
bound state and the H-dibaryon, as well as for the measurement of the production yield per unit of ra-
pidity dN/dy of alpha and anti-alpha particles. Both, the searches for the exotica and the measurement
of the (anti-)alpha, are performed on data from Pb–Pb collisions at
p
sNN = 2.76 TeV.
The searches for the two investigated exotica are carried out in the decay channel Λn → d+ pi+ and
H→ Λ+p+pi−. The different decay products are identified using the specific energy loss measurements
in the TPC and their invariant mass is determined. For both investigated bound states no signals are
observed in the resulting invariant mass distributions. Therefore, upper limits on the production rates
are estimated for eight different assumed lifetimes between 4 cm and 3 m. In addition, the upper limits
are determined independent of the branching ratio of the investigated decay channel and are compared
to different theory predictions.
The alpha particle is the heaviest nucleus produced and detected during ultra-relativistic heavy-ion col-
lisions at LHC energies and the anti-alpha is even the heaviest anti-nucleus observed so far at all. The
particles are identified using the dE/dx measurement in the TPC and the m2/z2 distributions determined
with the measurements of the TOF. The efficiency × acceptance is determined using a Monte Carlo pro-
duction. As the observed statistics does not allow for the determination of the transverse momentum
pT-spectrum, a Blast-Wave extrapolation is used, which is based on the measurements of the spectra of
deuterons and 3He. This allows for the pT-integrated determination of the efficiency. Systematic uncer-
tainties are calculated and the resulting rapidity density dN/dy is comparable with the prediction from
a thermal model.
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Zusammenfassung
Das ALICE Detektorsytem weist verschiedene exzellente Möglichkeiten zur Teilchenidentifizierung auf.
Eine dieser Möglichkeiten ist der für jede Teilchensorte verschiedene, spezifische Energieverlust dE/dx ,
der in der ALICE Zeitprojektionskammer gemessen wird und zur Identifizierung von geladenen Teilchen
und Anti-Teilchen, inklusive (Anti-)Kerne, genutzt werden kann. Eine weitere Teilchenidentifizierungs-
methode verwendet m2/z2-Verteilungen (m = Masse des Teilchens, z Ladungszahl des Teilchens). Diese
Verteilungen werden bestimmt durch die Messung der Flugzeit, der Länge der Flugbahn der Teilchen mit
dem Flugzeitdetektor (TOF) und der Messung des Impulses, der aus der kombinierten Spurrekonstruk-
tion im ALICE Aufbau in der mittleren Rapiditäts-Region extrahiert wurde.
In der vorliegenden Doktorarbeit wurden unter anderem diese Techniken benutzt, um nach zwei
exotischen gebundenen Zuständen, dem Λn und dem H-dibaryon, zu suchen und um die Produkti-
onsrate von Alpha and Anti-Alpha Teilchen zu messen. Für alle vorgestellten Analysen wurden Daten
aus Pb–Pb Kollisionen bei
p
sNN = 2.76 TeV ausgewertet.
Die Suchen nach den beiden untersuchten exotischen Teilchen werden in den Zerfallskanälen Λn →
d+pi+ und H-dibaryon→ Λ+ p+pi− durchgeführt. Die verschiedenen Tochterteilchen werden mit Hil-
fe des spezifischen Energieverlustes in der TPC identifiziert und ihre invariante Masse wird bestimmt.
In beiden Fällen wurde kein Signal in der resultierenden Verteilung der invarianten Massen gefunden.
Daher wurden obere Grenzen für die Produktionsraten für acht verschiedene mögliche Lebensdauern
zwischen 4 cm und 3 m bestimmt. Außerdem wurden die oberen Grenzen unabhängig von dem Verzwei-
gungsverhältnis des untersuchten Zerfallskanals bestimmt und mit mehreren theoretischen Vorhersagen
verglichen.
Das Alpha-Teilchen ist der schwerste Kern, der bisher in ultra-relativistischen Schwerionenkollisionen bei
LHC Energien nachgewiesen werden konnte, wobei das dazugehörige Anti-Teilchen sogar das schwers-
te seiner Art ist, das jemals beobachtet wurde. Die Teilchen werden mit Hilfe der dE/dx Messung in
der TPC und der m2/z2-Verteilung, die aus den Messungen des Flugzeitdetektors bestimmt wurden,
identifiziert. Für die Effizienzkorrektur wurde eine Monte Carlo Produktion mit Alpha und Anti-Alpha
Teilchen angereichert. Da die Anzahl der detektierten Teilchen zu klein ist, um ein Transversalimpuls-
spektrum zu messen, wurde eine Blast-Wave Extrapolation, die auf den Messungen der Spektren von
Deuteronen und 3He beruht, benutzt. Diese erlaubt die Bestimmung der pT integrierten Effizienz. Des-
weiteren wurden systematische Fehler bestimmt. Die resultierenden Rapiditätsdichten dN/dy sind in
guter Übereinstimmung mit den Vorhersagen des thermischen Modells.
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1 Introduction
This doctoral thesis is organized as follows. After a short overview of basic principles and models in this
chapter, the experimental apparatus of ALICE is introduced (chapter 2) and different particle identifica-
tion methods are explained (chapter 3). In the main parts of the thesis, the analysis for the search of two
exotic bound states, the Λn bound state and the H-dibaryon (chapter 4), followed by the measurement
of alpha and anti-alpha particles (chapter 5) are presented. Finally the obtained results are discussed
(chapter 6) and compared to theoretical models (which are introduced in this chapter).
The present understanding of the fundamental fermions and the forces between them is manifested in
the standard model of particle physics. According to this model, the fundamental fermions, which are
the constituents of matter, are quarks and leptons. The only force that is not included in the standard
model is gravity, because there exists no theory yet, which can include the quantisation of the gravitation
in a reasonable manner. The standard model has 26 external parameters, among which are the masses
of the six quarks, the six leptons and the three vector bosons (W+/− and Z). In addition to them there
are two coupling constants: the electromagnetic coupling constant α, which represents the strength of
the electromagnetic interaction, and the strong coupling constant αs, which represents the strength of
the strong interaction between quarks and gluons. Finally, there are the eight mixing parameters, which
are used to describe the change of flavor of quarks or neutrinos, and one scale parameter (ΛQCD).
Leptons Quarks
electric approx. electric
flavor mass [GeV/c2] charge [e] family flavor mass [GeV/c2]1 charge [e]
electron neutrino νe < 2 · 10−9 0 1 up u 0.002 2/3
electron e 0.000511 -1 down d 0.005 −1/3
myon neutrino νµ < 0.00019 0 2
charm c 1.3 2/3
myon µ 0.106 -1 strange s 0.1 −1/3
tau neutrino ντ < 0.0182 0 3
top t 173 2/3
tau τ 1.777 -1 bottom b 4.2 −1/3
Table 1.1: The fundamental fermions (properties taken from [1]).
Leptons and quarks each exist in six flavors, which are organized in three families (see Table 1.1). Lep-
tons ("light" particles) can be observed freely in nature, whereas quarks are confined within mesons
("middle" particles, built out of a quark and an anti-quark) and baryons ("heavy" particles, which are
built out of three quarks). All fermions are particles with half-spin (1/2, 3/2, 5/2,..). Fundamental
gauge bosons mediate the forces between the fermions. They carry in contrast to fermions integer-spin
(0, 1 or 2). The electromagnetic force is mediated by the photon, whereas the weak force can be either
mediated by the two W -bosons (W+ or W−) or the Z-boson. Gluons g mediate the strong force. Gravity
should be mediated by a hypothetical "Graviton". All four forces and the mediating particles are summa-
rized in Table 1.2. The photon and the gluon are massless particles, whereas the three W - and Z-bosons
1 As the masses of the quarks can not be measured directly (due to the confinement of quarks in hadrons), the masses
are not known exactly. The values are instead estimated with different models based on the hadronic observations and
calculated numerically.
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are massive particles (massW−/+ = 80.4 GeV/c
2 [1] and massZ0 = 91.2 GeV/c
2 [1]).
The underlying relativistic field theory for the fundamental electromagnetic force is QED or quantum
electrodynamics. The underlying relativistic field theory for the strong interaction is called QCD, quan-
tum chromodynamics. The underlying gauge symmetries are U(1)EM and SU(3)col . Whereas, in QED
there is only one electric charge e, in QCD there are three colour charges (red, green and blue). There-
fore, also in QED there is only one massless gauge boson, namely the photon. It carries no electric charge
and is not self-interacting. On the other hand in QCD there exist eight massless gauge bosons, namely
the gluons. They carry the three colour charges or a linear combination of them. There are "only" eight
different gluons, because the ninth combination (1/
p
3)(r r+ g g+ bb) is colourless. As the gluons carry
colour charge they are also self-interacting. Another big difference is the range of the forces. Whereas
the electromagnetic force has in principle an infinite range, the strong force has a very limited range
(only a few femtometers (1 fm = 10−15 m)). Mediated by gluons, the strong force acts directly between
quarks and gluons. It ensures that the nucleons (protons and neutrons) are held together inside the
atomic nucleus. It also acts on the confined quarks and gluons inside mesons and baryons. Mesons and
baryons are themselves colourless objects.
property gravitational weak electromagnetic strong
interaction interaction interaction interaction
acts on: mass - energy flavor electric charge color charge
experiencing particles: all particles quarks electrically charged quarks
and leptons particles and gluons
occurs in: massive particles radioactive atomic shell atomic nucleus
massive bodies beta decay
mediating boson graviton2 W+,W−,Z0 photon γ gluons
intensity of force 10−38 10−5 10−3 1
relative to the strong force
Table 1.2: Summary of the four fundamental forces.
The different phases of nuclear matter can be summarized in the QCD phase diagram, where the tem-
perature T is shown on the y-axis and the baryo-chemical potential µB on the x-axis, see Figure 1.1. Its
understanding is a key topic of modern nuclear physics. Normal (nuclear) matter has a µB = 938 MeV.
If either T or µB or both are changed, a hadron gas is formed, where the quarks and gluons are still
confined inside hadrons. At high T or µB the quarks and gluons are no longer confined inside hadrons,
but are freely moving inside the so called quark-gluon plasma (QGP). The phase transition between the
confined and the deconfined state can either be of first or second order or it can be a crossover. In
the present understanding, supported by lattice calculations [2, 3], at low µB close to zero the phase
transition is a "crossover" and therefore not a true phase transition in the thermodynamic sense (indi-
cated with the dashed line in Figure 1.1). Whereas at higher µB there is a phase transition of first order
expected (indicated with the full line in Figure 1.1). The two phase transitions should be connected
with a critical point, which has not been found yet experimentally. At a critical point a first order phase
transition and a crossover takes place. The critical point is the end point of a first order phase transition
(indicated with the full line in Figure 1.1). There are also considerations about a triple point, which
2 Not yet observed.
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Figure 1.1: The QCD phase diagram.
would separate the QGP, hadron gas and quarkyonic phase. The temperature for the phase transition
between the hadron gas and the QGP is called (pseudo-)critical temperature Tc. Most recent thermal
analyses (see section 1.4) of the experimental available data as well as lattice calculations suggest a Tc ≈
156 MeV [4, 5] at µB = 0 or close to zero.
1.1 Light nuclei and hypernuclei
The study of nuclei and hypernuclei have a very long tradition in nuclear physics, but only high energy
heavy-ion collisions (HIC) offer the unique possibility to look as well for their anti-particles. In compari-
son to nuclei, which are built out of neutrons (udd) and protons (uud), in hypernuclei one or more of the
bound neutrons is exchanged with a hyperon, which contain one or more strange quarks (s). Hyperons
are unstable and decay via the weak interaction. The lightest hyperon is the Λ-particle (uds) and the
lightest observed hypernucleus is the hypertriton (pnΛ). It has a mass of 2.99 GeV/c2 and a lifetime
similar to the lifetime of the free Λ-particle [6]. Until now the anti-particles of nuclei up to anti-alpha
as well as the anti-hypertriton have been measured in HIC. Both the heaviest anti-nucleus (anti-alpha)
as well as the only anti-hypernucleus (anti-hypertriton) observed so far have been first measured by the
STAR experiment at BNL [7, 8]. Recently the measurements of deuteron, triton and 3He in pp and Pb–Pb
collisions [9] as well as the hypertriton measurements [6] in Pb–Pb collisions with the ALICE experiment
have been published. On the other hand a confirmation of the measurement of alpha and anti-alpha par-
ticles in HIC has not been done yet. This measurement is part of this thesis. The ALICE measurement
is not only a repetition of the results from the STAR collaboration, but are the first results of alpha and
anti-alpha measurements at the energy of
p
sNN = 2.76 TeV and therefore also will be an additional
particle3, which can be used to test the predictions of the different production models described below.
3 In addition to the already measured lighter particles [6, 9–13]
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1.2 Exotica
The two exotic bound states investigated in this doctoral thesis are the Λn bound state and the H-
dibaryon. This states could either be true bound states or resonance states. Besides the search of two
new bound states and the first measurement of a six quark state, the finding or exclusion of these particles
will help in the understanding of the Λ-nucleon and Λ-Λ interaction. So far there is very little knowledge
about these interactions, which is also very important for the understanding of neutron stars [14–17].
The interaction between a Λ and a nucleon has been already studied by Downs and Dalitz in 1959 [18].
From their studies it is unlikely that a bound Λ-nucleon system exists. Nevertheless there have been
several experimental searches for Λn and Λp states (resonance or bound states) in the past [19–21].
Whereas [19, 20] did not find evidence for a Λp resonance state, the HypHI collaboration recently
claimed the observation of a Λn bound state [22]. Although later this observation was corrected to be
a resonance [21], this renewed the interest in this topic. Within this doctoral thesis the search for the
antiparticle, the Λn bound state, is performed. The investigated decay channel is Λn→ d+pi+.
The H-dibaryon is a hypothetical six quark bound state (uuddss). These six quarks either form the bound
state directly or are confined in two Λ-particles (uds), which then from the H-dibaryon. The H-dibaryon
was predicted by Jaffe in 1977 in a bag model calculation [23]. Since then several experiments [24, 25]
have conducted searches for this particle, but so far it has not been found. In addition, no signal has
been observed in the measurement of ΛΛ correlations by the STAR collaboration [26] and a theoretical
analysis of this data [27]. On the other hand, recently performed lattice calculations support the idea of
a bound ΛΛ-particle, which should be bound by 20-50 MeV/c2 [28] or by 13 MeV/c2 [29] depending on
the details of calculation. If these lattice calculations are chirally extrapolated to the physical pion mass,
the H-dibaryon is found to be unbound by 13± 14 MeV/c2 [30] or it lies close to the Ξp threshold [31].
Within this doctoral thesis the H-dibaryon is investigated in the decay channel H-dibaryon→ Λ+p+pi−,
while the Λ is reconstructed in the decay channel p + pi−.
The prediction of the thermal model (at a temperature of 156 MeV) (see section 1.4) for the hypertriton
rapidity density dN/dy agrees with the ALICE measurement [6]. Therefore, also the investigated bound
states should be produced with a dN/dy predicted by the thermal model, if they are stable against
strong decays. As visible in Figure 1.3 the predicted dN/dy for the H-dibaryon is a factor of 300 higher
as the one of the hypertriton and the Λn should be produced even more often. This relatively high
expected yield will allow for the observation of a signal for both exotica in the investigated data, in case
these particles exist. The high production rate also compensates for the fact that the analysis of the
H-dibaryon requires the reconstruction of four daughter particles in comparison to two daughters in the
hypertriton measurement.
1.3 Heavy-Ion collisions
In nature the QGP is believed to have existed directly after the big bang. In order to study its properties
it has to be recreated in relativistic HIC. Figure 1.2 shows a schematic illustration of such a collision.
First the nuclei (for example Pb ions) are accelerated until they nearly reach the speed of light and
have a very high energy of up to a few hundred GeV per nucleon (at the Relativistic Heavy-Ion collider
at Brookhaven National Laboratory) or even a few TeV per nucleon (at the Large Hadron collider at
the European Organization for Nuclear Research (CERN)). At these conditions the ions are Lorentz
contracted. When the two nuclei collide the matter is compressed and heated. The nucleons break up
and a fireball (in a pre-equilibrium) is formed. An equilibrium is established (thermalization, t ® 1fm/c)
a QGP is formed, which further expands and cools down. After t < 10− 15 fm/c hadronization starts,
which ends when inelastic collisions stop and the chemical freeze-out happens. At this point the particle
14 1 Introduction
Pb Pb QGP
Chemical  
freezeout 
Particle  
composition  
fixed
Hadron gas
Kinetic 
freezeout 
Particle  
momenta 
fixed
Pre- 
equilibrium Hadronisation
This thesis
Figure 1.2: Schematic illustration of an heavy-ion collision.
composition is fixed and the quarks and gluons are again confined inside the hadrons. They create a
hadron gas, which further expands. After the kinetic freeze-out, also the elastic collisions stop and the
momenta of the particles are fixed. These particles can finally be detected, as described chapter 2.
1.4 Production Models
There exist several different models to describe the production yields of particles in a HIC.
Statistical-thermal models [32–35] use, as the name indicates, a statistical ansatz in order to describe
the abundance of particle species after a HIC. This ansatz is (usually) based on a grand canonical ensem-
ble, which assumes that all hadrons are produced from a medium in thermodynamic equilibrium, which
means from a kinetically and chemically equilibrated state (hadro-chemical equilibrium). All particles
are produced at the same temperature (chemical freeze-out temperature Tch) and the same chemical
potential (the baryo-chemical potential µB). The advantage of these models is, that besides Tch and µB,
only the volume V is needed as free parameter in order to describe the observed particle production.
The three parameters are fixed by fits using the measured particle yields as input. At LHC energies
µB is close to zero and thus the key parameter is Tch. Therefore, the abundance of the particles can
be approximately described by an exponential dependence on the mass m of the particles and the Tch:
yield dN/dy ∼ exp −m/Tch 4. The particle yields are therefore determined by Tch, if the expansion
afterwards is isentropic. This idea of an isentropic expansion is supported by the success of the models
to describe the observed particle abundances. Consequently, starting from the QGP phase the system
4 The exact formula for the abundance of a particle i with strangeness Si , baryon number Bi , electric charge Q i and spin-
isospin degeneracy factor gi is given in equation 8 in [32] as
V T gi
2pi2
∑∞
k=1
(±1)k+1
k
λki m
2
i K2

kmi
T

with the modified Bessel
function K2 and λi(T,
−→µ ) = exp BiµB+SiµS+QiµQ
T
.
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Figure 1.3: dN/dy from the statistical hadronization model [36].
evolves through the phase diagram along isentropes. Besides the chemical freeze-out temperature Tch,
the limiting temperature Tlim, above which hadrons can not be heated, is of interest and was found to be
Tlim = 159± 2 MeV [34].
As already mentioned above recent thermal model fits to experimental available data have led to
Tch ≈ 156 MeV [4]. Using this temperature the measured particle yields of a variety of particles can
be described, among which is also the very loosely bound hypertriton, which has a binding energy of
only 0.13 MeV [34]. Therefore, this model is expected to properly predict the particle yield of the Λn
bound states, the H-dibaryon5 and the alpha particle. The predictions are summarized in Figure 1.3.
Besides the equilibrium thermal models there also exist non-equilibrium approaches [37, 38]. These
approaches have one or two more parameters γs and γq, as strangeness (and light quarks) are allowed
to be in non-equilibrium. They usually lead to lower chemical freeze-out temperatures (∼140 MeV).
Another model to describe the production of particles in HICs is the coalescence picture where parti-
cles can be formed by quarks (quark coalescence) or by hadrons (hadron coalescence), which are close
in space and have a similar velocity. In this picture for example nuclei, which have been produced at
chemical freeze-out can break apart and be recreated again by final-state coalescence. The concept of
coalescence was first applied by Butler and Pearson in 1961 and 1963 [39, 40]. In the most simple form
of this approach the deuteron to proton ratio in HIC for example increases with increasing multiplicity,
as more protons would directly imply a higher production of deuterons.
The result of the search for the H-dibaryon is also compared to predictions from hybrid UrQMD calcula-
tions [41]. UrQMD is the abbreviation for Ultrarelativistic Quantum Molecular Dynamics model, which
is a microscopic transport model. For these comparisons the UrQMD code uses ideal hydrodynamic cal-
culations for the fireball as input. Afterwards the resulting hydrodynamic cells are converted to particles
by the Cooper-Frye equation. The UrQMD code is used to transport the particles between the chemical
5 under the assumption that these are stable against strong decays
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and kinetic freeze-out. Therefore, ideally all cross-sections for interaction between all possible particle
species need to be implemented, which are however not known.
1.5 Blast-Wave Model
The Blast-Wave model is a phenomenological model, which describes particle spectra (e.g. trans-
verse momentum pT-spectra, transverse mass mT
6-spectra and rapidity distributions) in heavy-ion col-
lisions [42]. It assumes an expanding source (fireball) in local thermal equilibrium with temperature
T. This thermal source is built out of several cells, which move and expand, while they are emitting the
particles. The rate of expansion can vary in the different directions and due to this expansion the emitted
particles have an additional velocity, which is called flow. The flow in the direction of the beam is called
longitudinal flow, whereas the flow due to the expansion of the fireball is called transverse flow. Whereas
the longitudinal flow affects the rapidity distributions, the transverse mass spectra are influenced by the
transverse flow. The Blast-Wave model has only a few collective variables, among which is the averaged
velocity β of the particles at the surface of the fireball and the local kinetic temperature T at freeze-out.
This temperature and the flow dynamics are reflected in the shape of the measured spectra. On the
other hand, the size of the collision zone and amount of chemical equilibrium among the particle species
are connected to the absolute normalisation of the spectra. For example the shapes of the transverse
momentum pT-spectra measured with ALICE are indeed described by this model quite well, using only
one set of parameters [10]. This works not only for light particles, but also for the deuteron and 3He
transverse momentum spectra [9]. Therefore, within this doctoral thesis the Blast-Wave model is used
to predict the pT-spectra of two possible bound states and the alpha particle based on measured spectra
of lighter hadrons, see chapter 4 and 5.
6 transverse mass mT =
p
m2 + p2T
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2 The Experimental Apparatus
The analysed data have been collected using the ALICE detector system [43] at the Large Hadron Collider
(LHC) at CERN in Geneva, Switzerland. The LHC provides proton and lead (Pb) beams with the highest
energies ever reached in the laboratory. ALICE has recorded collisions in three different modi: proton-
proton, Pb–Pb or proton-Pb collisions. So far proton-proton collisions at a center-of-mass energy of 900
GeV, 2.76 TeV and 7 TeV, Pb–Pb collisions at a center-of-mass energy of 2.76 TeV and proton-Pb collisions
at a center-of-mass energy of 5.02 TeV have been measured during the first run. After the long shutdown
one (from spring 2013 to the beginning of 2015), the LHC is back in operation since spring of 2015 and
data from proton-proton collisions at 13 TeV and 5.02 TeV as well as Pb–Pb collisions at 5.02 TeV have
been collected. For the presented work of this thesis Pb–Pb collisions at 2.76 TeV from the campaign of
2011 have been analysed.
The LHC is hosted in a 27 km long tunnel, which lies at a depth between 50 and 175 meters below
the earth’s surface at the border between France and Switzerland. The accelerator is divided into eight
arcs and eight straight parts of 528 meters each in between. The beams circulate in opposite directions
inside two beam pipes, which are contained inside the same vessel. The accelerator is operated at a
temperature of 4.5 K, whereas the superconducting dipole and quadrupole magnets, which bend and
focus the beams, are even further cooled down to 1.9 K in order to reach the superfluid state of helium.
In order to obtain the protons, electrons are removed from hydrogen atoms, whereas a source of vapor-
ized lead provides Pb ions. The particles do not enter the LHC directly, but are accelerated in several
smaller machines before: The protons are first accelerated by the linear accelerator LINAC2 and then
injected into the PS Booster. The Pb ions are first accelerated by the linear accelerator LINAC3 and the
Low Energy Ion Ring (LEIR). Afterwards, both the protons and the Pb ions are further accelerated in the
Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS). At the end of this chain the particles
have reached an energy of 450 GeV per proton and are finally injected into the LHC. A schematic sketch
of the accelerator complex at CERN is shown in Figure 2.1.
The ALICE detector system is located at Point 2 of the LHC in St. Genis-Pouilly in France. Its design
is illustrated in Figure 2.2. Most of its sub-detectors are situated in the central barrel inside a large
solenoid magnet. The magnet has a magnetic field of up to 0.5 T, which deflects the charged particles.
This allows for the measurement of the momentum of the charged particles, which can be determined by
the strength of the deflection. In addition to the central barrel there are the single arm backward muon
spectrometer and two Zero Degree Calorimeters (ZDC). For the analysis presented in this thesis mainly
the Inner Tracking System (ITS), the Time Projection Chamber (TPC), the Time-Of-Flight (TOF) detector
as well as the T0 and the VZERO detector are used. Therefore, only these sub-detectors will be discussed
in more detail in the following. In addition to these detectors ALICE also has a Transition Radiation
Detector (TRD) to separate electrons from pions (and other hadrons), two electromagnetic calorimeters,
EMCal+Dcal for efficient triggering on high energy jets and PHOS to investigate jet quenching, a Photon
Multiplicity Detector (PMD) to study event shapes and fluctuations and the High Momentum Particle
Identification Detector (HMPID). More details on the detectors not used in the analysis presented here
can be found in [43].
In order to help understanding the detector geometry as well as the explanations of the analyses de-
scribed in chapters 4 and 5, the ALICE coordinate system is introduced next followed by the description
of the involved sub-detectors.
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Figure 2.1: Schematic layout of the accelerator complex at CERN [44].
ALICE coordinate system
The ALICE coordinate system [45] is a right-handed orthogonal Cartesian system. It is shown together
with the polar coordinates φ and θ in Figure 2.2. The origin (x=y=z=0) of the coordinate system is
at the interaction point (IP) of the two colliding beams. Parallel to the beam axis and the magnetic
field is the z-axis. From the point of origin the positive z-axis points towards the ATLAS experiment,
whereas the negative z-axis points towards the CMS experiment. The ALICE muon arm is located at
negative z values. Aligned with the local horizon and perpendicular to the beam direction the x-axis
is defined. The positive x-axis points to the inside direction towards the accelerator center, while the
negative x-axis points outwards. Finally, the positive y-axis points upwards, whereas the negative y-axis
points downwards from the point of origin. As the ALICE central barrel has a cylindrical shape it is
helpful to define in addition the spherical coordinates r, φ and θ . The two angles are defined as follows:
The azimuthal angle φ increases counter-clockwise from the positive x-axis (φ = 0) to positive y-axis
(φ = pi
2
), whereas the polar angle θ increases from the positive z-axis (θ = 0) to the (x,y)-plane (θ = pi
2
).
The transformation between the two coordinate systems is given by
x = r · sinθ · cosφ r =px2+ y2+ z2
y = r · sinθ · sinφ θ = arccos z
r
z = r · cosθ φ = arctan y
x
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Figure 2.2: The ALICE detector system together with the coordinate system.
The ITS, the TPC as well as the TOF detector cover together a pseudorapidity η interval of |η| ¶ 0.9,
which is equivalent to ±45◦, over the full azimuth.
ITS
The Inner Tracking System [46] is the innermost sub-detector. It is placed directly around the beam
pipe and consists of six cylindrical layers, which are constructed out of three different types of silicon
detectors. The innermost two layers consist of two silicon pixel detectors (SPD) followed by two silicon
drift detectors (SDD) and two double-side silicon microstrip detectors (SSD). The four outer layers (SDD
and SSD) have an analogue readout for particle identification (PID), which is done via specific energy
loss (dE/dx) measurements in the non-relativistic region (see section 3.1). Due to its position close to
the beam pipe the ITS is also used for tracking of low momentum particles, down to pT ≈ 100 MeV/c.
However, more important for the analyses performed in the presented thesis, is the precise determina-
tion of the primary vertex (collision vertex) and the secondary vertex (decay vertex), which allows for
an excellent separation between primary and secondary particles. For particles with high transverse mo-
menta (pT > 1.5 GeV/c) this separation goes below 50 µm, for particles with low transverse momenta
(pT < 200 MeV/c) this separation goes up to 300 µm [47].
TPC
The Time Projection Chamber [48] is a cylindrical gas detector, which surrounds the ITS. The general
parameters of the TPC are listed in table 2.1. It has an overall length in beam direction of about 500
cm. The inner radius of the active volume is about 85 cm, whereas the outer radius is about 250 cm. In
the middle, orthogonal to the beam pipe a high voltage central electrode divides the TPC into two 2.5
m long drift regions. In addition, the TPC is divided in φ into 18 sections of 20◦ each. In each section
an inner and an outer Multi-Wire Proportional Chamber (MWPC) are installed at the endcaps, leading
to 18 × 2 = 36 readout chambers in each drift region and to 72 readout chambers in the whole TPC. In
total, all readout chambers have a gas volume of 90 m3, which is filled with a gas mixture of 85.7% Ne,
9.5% CO2 and 4.8% N2. Charged particles that travel through the TPC ionize this gas along their way.
Throughout the drift regions a highly uniform electrostatic field (up to 400 V/cm) guarantees that the
released electrons are transported in z-direction towards the readout end-plates. At the end-plates, 557
568 pads read out the electric signal, which is used to determine the particle trajectory. As the charged
particles are deflected by the surrounding magnetic field, the knowledge of the particle trajectory allows
directly the determination of the rigidity p/z of the particle. Here p is the momentum and z the charge
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Table 2.1: General parameters of the ALICE TPC taken from [48].
number of the particle. In addition, the TPC is used for particle identification via the specific energy loss
dE/dx , which is described in detail in section 3.1.
TOF
The Time-Of-Flight detector [49] has, like the ITS and the TPC, a cylindrical shape. Following the TPC
segmentation the detector is as well divided into 18 sections of 20◦ in φ. The detector consists of 1638
Multigap Resistive Plate Chambers (MRPC strips), which are organized in 5 modules per section. At
intermediate pT (around 1 GeV/c) the time resolution in Pb–Pb collisions is 80 ps for pions [47]. The
TOF detector allows for the identification of pions and kaons up to 2.5 Gev/c and for protons up to
4 GeV/c [47]. Further, the measured velocity βTOF can be used to calculate the m
2/z2 for each particle
(m is the mass of the particle, z is the charge number of the particle), which allows for example to
distinguish between 3He and 4He at higher momenta, where the TPC alone can not be used anymore
(for details see also section 3.2). For the TOF measurements a starting time is required, which is provided
by the T0 detector (described next).
T0 and VZERO
The T0 and VZERO detector [51] consist of two sub-detectors each, which are placed on opposite sides
of the interaction point on the left and right side of the ITS. The two T0 detectors (T0C and T0A) are
arrays of Cherenkov radiators, which are located at pseudorapidity intervals of −3.28 ≤ η ≤ −2.97
and 4.61 ≤ η ≤ 4.92. The T0 provides fast timing signals with a time resolution of 20-25 ps in Pb–Pb
collisions. Besides the above mentioned starting time for the TOF measurements, these timing signals
can be used as L0 trigger and as wake-up calls for the TRD. The two VZERO detectors (VZERO-A and the
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Figure 2.3: Sum of the amplitudes measured with the VZERO detector. The different centrality classes are indi-
cated. The plot is taken from [50], where also the fit function and the procedure is described in more
detail.
VZERO-C) are placed at pseudorapidity intervals of −3.7 ≤ η ≤ −1.7 and 2.8 ≤ η ≤ 5.1. Each VZERO
detector is a ring of plastic scintillators. Due to the good time resolution, better than 1 ns, the VZERO is
used to distinguish between beam-beam collisions and background (beam-gas) events.
In addition, the sum of the measured amplitudes from each scintillator allows for the determination
of the centrality of a Pb–Pb event. The centrality is related to the impact parameter of a collision,
which can not be measured directly. The impact parameter b is the offset of the two colliding nuclei.
This means that for b = 0 the nuclei collide exactly at their centers ("head on") and the centrality
is 0%. The impact parameter is also related to the number of nucleons (Npart) that have taken part
in the collision (participants). The nucleons which have not participated in the collision are called
spectators. The energy deposit measured in the VZERO is higher for central collisions than for peripheral
collisions, as in this case more nucleons have participated in the collision. Therefore, also the measured
sum of the amplitudes from the scintillators is higher. This relation between the measured amplitude
in the VZERO detector and number of participant nucleons is used to determine the centrality. The
resulting distribution is shown in Figure 2.3. The centralities are divided into several centrality classes,
which are also shown. The red curve is a Glauber model fit, which can be used to describe the relation
between b and Npart. In this model the nuclear density function, which determines the position of the
nucleons inside the nucleus, is modeled by a modified Woods-Saxon potential. The collisions themselves
are treated as a sequence of independent binary nucleon-nucleon collisions Ncoll. In this procedure
the particles are produced from a number of sources. These sources generate particles based on a
Negative Binomial Distribution, which has the mean multiplicity per collision µ as a parameter as well
as an additional parameter κ which controls the tail towards higher multiplicities. The number of these
particle-producing sources is given by f × Npart + (1 − f ) × Ncoll, where f is the relative contribution
between Npart and Ncoll. More details on the implementation of the Glauber model in ALICE and the
determination of the centrality can be found in [50].
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3 Particle Identification
For the analyses presented in this thesis several different Particle Identification (PID) methods are used.
This includes the PID via the TPC specific energy loss dE/dx and via TOF m2/z2 distributions for stable
particles as well as topological identification and the identification in invariant mass distributions for
unstable particles. These methods are explained in this chapter.
3.1 Specific energy loss
The PID via the specific energy loss dE/dx measurement is based on the principle that charged particles
that traverse a material (for example the gas in the TPC) interact with the electrons of the atoms.
Thus the atoms are ionized1 and the traveling particle loses energy. The energy loss dE of the crossing
charged particle per traveled distance dx is described by the Bethe-Bloch formula. In 1930 Hans Bethe
first derived the non-relativistic version [52], which he extended in 1932 to the relativistic formula [53]
−dE
dx
= Kz2
Z
A
1
β2

1
2
ln

2mec
2β2γ2Tmax
I2

− β2− δ(βγ)
2

,
(3.1)
with the following variables:
• β = v
c
• γ= 1q
1− vc 2
• velocity v
• speed of light c
• charge number of the projectile particle z
• elementary charge e
• rest mass of the electron me
• atomic number of absorber Z
• atomic mass of absorber A
• mean excitation energy I
• maximum kinetic energy which can be passed to a free electron in a single collision Tmax
• constant K = 4piNAr2e mec
2
• Avogadro’s number NA
• classical electron radius re
• density effect correction to ionization energy loss δ(βγ)
1 The atoms can also be excited.
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Figure 3.1: Right side: Shape of the specific energy loss as function of βγ. Left side: Measured TPC energy-
loss signal versus rigidity for negative particles. In addition the Bethe-Bloch parametrization for the
different particle species is shown as black dotted lines [55].
The Bethe-Bloch formula is only valid in the region 0.1 < βγ < 1000. For βγ < 0.1 the velocity of the
traversing particle becomes comparable to the velocity of the atomic electrons. At higher βγ radiative
effects are important. The general shape of the specific energy loss as function of βγ, in the range where
the Bethe-Bloch formula is valid, is shown on the left side in Figure 3.1. For increasing βγ the energy
loss becomes smaller until the minimum is reached. The particles with the βγ at the minimum are called
"minimum-ionizing particles" or MIP’s. Then the energy loss increases again ("relativistic rise") until it
finally saturates on a constant value ("Fermi plateau"). As βγ= p/Mc (p = momentum M = mass of the
crossing particle) the energy loss is different for different particle species and can therefore be used for
the PID of charged particles.
In order to have a convenient way to deal with the formula in experiments the ALEPH collaboration
proposed a parameterized Bethe-Bloch formula [54], which is given by
f (βγ) =
P1
β P4
·

P2− β P4 − ln

P3+
1
(βγ)P5

,
(3.2)
where P1...5 are free parameters, which depend on the crossed material (for example the gas in the TPC or
the silicon in ITS). This parametrization is also used in ALICE. For negatively charged particles the mea-
sured dE/dx in the TPC is shown as function of the rigidity (p/ | z |) together with the parametrization
for different particles species on the right side in Figure 3.1.
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Figure 3.2: Example of a mass distribution obtained combining the TOF and TPC detector [9].
3.2 Time-Of-Flight - m2/z2 distribution
The determination of the m2/z2 distribution (m = mass of the particle, z charge number of the particle)
can also be used for PID. The value of m2/z2 for each particle is not measured directly, but can be
determined from the measured rigidity p z, the length l of the reconstructed particle track inside the
detectors and the flight time t, which is measured with the TOF detector. If these three quantities are
known, the m2/z2 can be calculated as follows:
m2
z2
=
p2
z2c
p
γ2− 1 (3.3)
where γ= 1p
1−β2 and β =
l
c·t .
An example of the resulting distribution of deuterons measured in Pb-Pb collisions is shown in Figure 3.2.
As deuterons have a z = 1, m2/z2 is reduced to m2 in this case. In addition, it is often good to subtract
the deuteron mass m2d from the measured m
2. Therefore the deuterons show up as a peak around zero.
Within this thesis this method is used for the identification of alpha and anti-alpha particles, as discussed
in chapter 5.
3.3 Invariant mass distribution
The identification using an invariant mass distribution is used in case of unstable particles, where the
mother particles can not be measured directly. Instead, only the daughter particles are measured and
the mass of the mother is calculated with the four-momentum-vectors

p =

E,−→p  of the daughters.
In case of a two-body decay the invariant mass is given by
mmother =
q 
E1+ E2
2− −→p1 +−→p22 /c2. (3.4)
This can be transformed by using the relation
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Figure 3.3: Illustration of an invariant mass distribution.
E2 =−→p 2 · c2+m2 · c4 (3.5)
into the finally used equation:
mmother =
Ç
m12+m22+ 2
q−→p1 2/c2+m12 ·−→p2 2/c2+m22− 2−→p1−→p2/c2
.
(3.6)
The invariant mass is determined for all possible particle combinations. If the combined particles corre-
spond to a decay of the same mother, their invariant mass is equal to the true mass of the mother 2. In
the other case, if the combined particles do not correspond to a decay of the same mother, they share
energy and momentum statistically. Therefore, this method does not allow the identification of a single
mother particle, but a certain amount of statistics is needed to identify the signal of the mother particles
in an invariant mass distribution. An illustration of such a distribution is shown in Figure 3.3. At the
invariant mass of the true mother a peak is formed in the spectrum, whereas the rest contributes to the
combinatorial background. This background can be reduced for example with topological restrictions
on the determined properties of possible mothers and daughters (see 3.4). Within this thesis the invari-
ant mass technique is used for the search of two exotic bound states, the Λn and ΛΛ bound states, see
chapter 4.
3.4 Topological identification
To reduce the combinatorial background in an invariant mass distribution (see section 3.3) topological
properties can be used and thus allowing for a cleaner identification. Figure 3.4 illustrates a two-body
decay of a neutral mother and shows the different criteria which can be used. Such a decay is also
called a V0 decay, as the shape, which is visible inside a detector if the daughter particles experience a
magnetic field, resembles the letter V. As the mother particle does not carry an electrical charge, it will
2 The measured invariant mass in experiments is not at the exact value of the mass of the mother, but due to the finite
resolution of the detector the value is "smeared". Therefore the detected invariant mass has a width, which corresponds
to the detector resolution.
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Figure 3.4: Illustration of a V0 decay.
not leave any trace (track) inside the detector. The tracks of the two opposite charged daughters on
the other hand form the two legs of the V. As the daughters are created at the decay point (secondary
vertex), two oppositely charged particles, which do not originate from the primary vertex, are combined.
To ensure that a track does not come from the primary vertex the D istance-of-C losest Approach (DCA)
between a track and the primary vertex can be used. The DCA in the plane perpendicular to the beam
axis is called DCAx y , whereas the DCA in the beam direction is called DCAz. In order to select secondary
particles, these DCAs should not be smaller than a certain value, which depends on the particles involved
and in particular on the lifetime of the mother, but typically is in order of a few cm. The exact value
of choice can be evaluated with a Monte-Carlo simulation. On the contrary, the DCAV0 , which is the
DCA between the two daughter tracks should be smaller as the two tracks are originating from the same
mother. Therefore, this is the second criterion which can be used. The (online) V 0 finder algorithm
in ALICE for example restricts the DCAV0 to be smaller than 1 cm. Additional properties, which can
be used are related to the mother, which has to be created at the interaction point. If the mother is a
primary particle, it can be determined with the use of the pointing angle Θ, which is the angle between
the reconstructed flight-line and reconstructed momentum vector of the mother particle. In practice the
cosine of the pointing angle is used instead of the angle itself. If the value of the cos(Θ) is close to 1, the
angle Θ is small and the probability that the mother was created in a collision is large. Finally, also for
the decay length, minimum and maximum values can be set. Within this thesis the different topological
properties and the invariant mass determination are used for the search of two weakly decaying bound
states (as shown in the next chapter 4).
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4 Search for weakly decaying Λn and ΛΛ
bound states
The lightest naturally occurring bound state is the deuteron, which is a bound state of a proton and a
neutron. This raises the interesting question whether or not bound states with any of the heavier baryons
and a nucleon can exist. The lightest of such hypothetical bound states would be a bound state of a Λ
particle and a nucleon. The theoretical description of the deuteron is already very challenging, as the
calculation of the binding energy requires a precision of at least 10−3. Therefore, experimental evidence
for the existence or exclusion of such bound states is of great importance. The ALICE detector is very
well suited for such an investigation. Its excellent PID capabilities and the firm control of the systematic
uncertainties have already been demonstrated in the measurement of deuterons and 3He [9]. Further-
more, even the production of 4He has been measured for the first time within this thesis, see chapter 5.
This chapter presents the search for two such hypothetical weakly decaying bound states, which is also
published in [55]. The first one is a possible bound state of an Λ and an n (see section 4.1). The second
one is the H-dibaryon (ΛΛ) (see section 4.2). Both searches are performed by analyzing 19.3 ·106 events
in a centrality range of 0-10% from the data set of Pb–Pb collisions at
p
sNN = 2.76 TeV from 2011.
The centrality selection is done using the VZERO detector (see chapter 2) and only events for which the
primary vertex falls within | Vz |< 10 cm are accepted.
Improving the current knowledge of such light bound states constitutes a valuable contribution to the
physics of hadrons. Yet, as shown below, there are strong indications that the investigated states do not
exist.
4.1 Λn bound state
The analysis strategy for the Λn bound state assumes a V0 decay topology (see section 3.4), in particular
a strange decay with a lifetime of typically a few cm. For this type of decay a specialized algorithm is im-
plemented in the analysis framework (V0 finder) [47]. As sketched in the schematic picture of the decay
in Figure 4.1, the search for the Λn bound state is performed in the decay channel Λn→ d+pi+. The
search is done on the anti-particle, because of the reduced secondary contamination from knock-out pro-
cesses in the detector material compared to the particle side. This is demonstrated in Figure 4.2, which
shows the number of (anti-)deuterons as a function of the D istance-of-C losest Approach (DCA)1 in the
plane perpendicular to the beam axis (DCAx y). The nominal interaction point is located at DCAx y = 0,
whereas for increasing values of |DCAx y | the distance to the interaction point grows in transversal direc-
tion. The peak at 0 therefore indicates that all of the (anti-)particles are produced during the collision.
The width of the peaks reflects the resolution, whereas the very small plateau is a result of multiple
scattering. The amount of produced particles and anti-particles should in principle be the same at LHC
energies, which is a big advantage compared to lower energy experiments. There are also background
particles produced from knock-out processes in the detector material, which are visible in the right and
left plateaus extending towards larger values of the DCAx y . The total number of deuterons increases, if
the DCAz (along the beam axis) is increased from 1 cm (black distribution) to 20 cm (red distribution),
see left panel of Figure 4.2. These additional deuterons are stemming from knock-out processes in the
1 Between the track of a particle and the primary vertex
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Figure 4.1: Decay topology of the Λn bound state [56].
detector material. This increase is clearly not visible for anti-deuterons, see right panel of Figure 4.2.
Since for the reconstruction of a Λn bound state a secondary deuteron is needed, the secondary contam-
ination from knock-out processes in the detector material produces a substantial background. In order
to avoid this complication, only the anti-particle side is investigated. Nevertheless the particle side has
been analysed as a cross-check as well and it was found to be indeed less sensitive than the anti-particle
side.
The track cuts applied to the daughter tracks, as well as the topological selections on the V0 and the
kinematic cuts, which were used in the analysis are summarized in Table 4.1. The anti-deuterons and
pions are selected in a 3σ band around their specific energy loss dE/dx in the TPC as described in
section 3.1. The cuts on the cosine of pointing angle (cos(Θ)) and the DCA2 between the V0 daughters
were chosen after a careful Monte-Carlo study. For this study around 4 ×104 HIJING events enhanced
with (anti-)Λn bound state, (anti-)H-dibaryon and (anti-)Hypertriton (in its two and three body de-
cay) were simulated. For each species 5 to 10 particles and anti-particles have been added on top
of a minimum bias Monte-Carlo event. They have been injected flat in pT from 0 to 10 GeV/c and
flat in rapidity from -1 to 1. In addition, several Monte-Carlo productions with a number of different as-
sumed lifetimes have been used to study the influence of the lifetime on the efficiency (see section 4.1.3).
The left panel of Figure 4.3 shows the cos(Θ) distribution for correctly associated Λn bound states in
Monte-Carlo in black. The red points indicate which percentage of the correctly associated Λn bound
states have a cos(Θ) with this value up to this bin. The right panel of Figure 4.3 shows the same for the
background, which includes all Λn bound state candidates found in Monte-Carlo, which could not be
correctly associated to a generated Λn bound state. A cut of cos(Θ)> 0.999 was chosen, because it only
cuts away 5% of the signal, but 80% of the background. The same study was done for the DCA between
2 Between to tracks
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Figure 4.2: Number of deuterons (left) and anti-deuterons (right) as a function of DCAx y , shown for different
DCAz (1 cm in black and 20 cm in red).
cut value
Track cuts
Kink daughters rejected
TPC refit3
nclusters(TPC) > 70
χ2/clusters < 5
Pseudo-rapidity η |η|< 0.9
V0 and kinematic cuts
Cosine of pointing angle cos(Θ)> 0.999
DCA between the V0 daughters DCA< 0.3 cm
Momentum ptot of the d ptot > 0.2 GeV/c
Energy loss dE/dx d dE/dx > 110
PID cut d 3σ (TPC)
PID cut pi+ 3σ (TPC)
Rapidity of mother |y|< 1
Table 4.1: Cuts for Λn analysis.
the V0 daughters (d and pi+). The two distributions are shown in Figure 4.4. Here the cut was chosen to
be DCA< 0.3 cm, because this cuts away 34% of the background, but only 13% of the signal. A possible
cut on the decay radius of the Λn bound states was also investigated. However the decay radius strongly
depends on the lifetime, which is unknown. For this reason this cut is not used.
In order to keep the anti-deuteron identification as clean as possible, by avoiding contamination from
lighter particles, a lower cut on the energy loss dE/dx was used. This was chosen in such a way that
a contamination with lighter particles is as small as possible, but on the other hand not too many anti-
deuterons are lost. A cut of dE/dx > 110 (corresponding to a 1.5 GeV/c cut, see Figure 4.5) was chosen.
The remaining contamination can be determined via fits to the TPC signal of the different particle species
in the rigidity region between 1.2 GeV/c and 1.5 GeV/c. Generalized Gaussians4 are used as fit functions.
All functions are fitted simultaneously and the contamination of each species is determined by the ratio
3 Details on the tracking can be found in [47].
4 Gauss multiplied with its error function.
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Figure 4.3: Cosine of pointing angle distribution for the correctly associated (left) and incorrectly associated (right)
Λn bound states in Monte-Carlo. The vertical dotted line indicates the used cut.
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Figure 4.4: Distribution of the DCA between the V0 daughters for the correctly associated (left) and incorrectly
associated (right) Λn bound states in Monte-Carlo. The vertical dotted line indicates the used cut.
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Figure 4.5: The TPC signal versus the rigidity for LHC11h data for negative particles. In addition, the Bethe-Bloch
parametrization for anti-deuterons is shown in red, whereas the black line indicates the cut at a TPC
signal of 110.
of the integral of the fit function of this particle above dE/dx > 110 divided by the integral of the
deuterons above dE/dx > 110. The contamination is found to be negligible (< 10−6).
The invariant mass of all anti-deuteron and pi+ pairs in real data, which fulfill the above described cri-
teria, is determined and shown in Figure 4.6. The possible background sources, which can contribute to
the distribution, are discussed in section 4.1.2.
The efficiency was determined by using the above described Monte-Carlo production and is shown in
Figure 4.7. Since the efficiency is pT dependent, it has to be weighted with the shape of the pT spectrum.
To take into account this dependence, a Blast-Wave calculation (see section 1.5) is used, which is shown
in Figure 4.8. This calculation uses a Blast-Wave fit to the deuteron and 3He spectra as input [9]. The
true efficiency is the integral of the distribution after the convolution of the efficiency with the Blast-
Wave calculation (see Figure 4.9). Due to the dE/dx > 110 cut used to select clean d¯, this distribution
has an upper bound at 2 GeV/c, which leads to an overall pT weighted efficiency of 3%.
From the statistical hadronization model (described in section 1.4) a value for the possible yield per
rapidity unit dN/dy in central Pb–Pb collisions is predicted, see Figure 1.3. For the Λn bound state this
is dN/dy = 4.06 · 10−2, corresponding to a chemical freeze-out temperature of 156 MeV for 0 - 10%
central Pb–Pb events (Npart = 350). The value of 156 MeV is the result from the current best fit, which
can also describe the nuclei within 1σ accuracy up to 3He, see Figure 4.10.
In order to determine the number of expected Λn bound states in the analyzed data set using this
prediction it is necessary to know the branching ratio as well. It is 0.54 for a binding energy of the Λn
bound state around 1.3 MeV (see Figure 4.11). The binding energy is chosen from the first measurement
of the HypHI experiment which claims its discovery [22]5. The expected signal can finally be calculated
as the product of the number of events, efficiency, branching ratio, expected yield and rapidity window:
5 Meanwhile, the HypHI collaboration has published their results which show a resonance at 2.06 GeV/c2 instead of a
bound state at 2.054 GeV/c2 [21].
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Figure 4.6: Invariant mass of the d¯ and pi+ for 19.3 · 106 central Pb–Pb events [55].
Figure 4.7: Product of acceptance and efficiency for the Λn bound state.
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Figure 4.8: Blast-Wave calculation for Λn bound state (black) and H-dibaryon (blue), which is based on the nuclei
Blast-Wave fit. The integral is normalized to one. In addition the distributions for deuterons (red) and
3He (green), which were used to study the systematic uncertainty, are shown.
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Figure 4.9: Convolution of the Blast-Wave calculation (Figure 4.8) for the Λn bound state with the product of
Acceptance and Efficiency (Figure 4.7) extracted from Monte-Carlo.
NΛn, rec = 1.93 · 107︸ ︷︷ ︸
events
·0.030︸ ︷︷ ︸
eff.
· 0.54︸︷︷︸
BR
·0.0406︸ ︷︷ ︸
dN
dy
· 2︸︷︷︸
dy
≈ 25388 . (4.1)
This prediction suggests, that more than 25k Λn bound states should be visible in the invariant mass
distribution in Figure 4.6. Clearly no such signal is observed.
In conclusion, the expected yield is not observed and an upper limit of the production can be set. For
the estimation of the upper limit, the ROOT package TRolke is used, which also takes into account the
uncertainty on the efficiency. The resulting upper limit is 285 (375) at 95% (99%) confidence level for
the observed background, which corresponds to a dN/d y of 4.56·10−4 (6.00·10−4).
4.1.1 Systematic uncertainties
The major source of uncertainty on the obtained upper limit is the influence of the unknown shape of
the pT spectrum. In order to determine this uncertainty, the following consideration is done:
The mass of the Λn bound state should be a few MeV smaller than its constituents Λ and neutron. The
mass of the Λ particle is 1115.683 MeV/c2 [1], whereas the mass of the neutron is 939.565 MeV/c2 [1].
Therefore the mass of the Λn bound state should be smaller than 2.055 GeV/c2. Unless the Λn bound
state would be bound by more than 179 MeV, which is very unlikely, its mean pT has to lie in between the
mean pT of the deuteron (md = 1.876 GeV/c2) and the one of 3He (m3He = 2.809 GeV/c
2). The mean pT
of deuteron and 3He is shown together with the mean pT values of pi, kaon and proton in Figure 4.12.
According to this consideration the Blast-Wave fit to the deuteron and 3He spectra [9] are used as the
extreme cases for the systematic studies. All used Blast-Wave distributions are shown in Figure 4.8. The
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Figure 4.10: dN/d y from the statistical hadronization model (black lines) together with the ALICE measurements
(red points) [4].
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Figure 4.11: Theoretical calculation of the branching ratios of possible Λ-nucleon bound state decay channels [57].
evaluation of the weighted mean leads to a minimum efficiency of 0.021, corresponding to the Blast-
Wave fit of the deuterons, and a maximum efficiency of 0.032, corresponding to the Blast-Wave fit of the
3He. To further estimate the uncertainty of the upper limit depending on the efficiency and the measured
invariant mass, the track cuts as well as the V0 and kinematic cuts (listed in Table 4.1) are systematically
varied for data and Monte-Carlo. This leads to an overall systematic uncertainty of 30.04 % on the upper
limit, with the main contribution coming from the unknown pT shape. The contribution of each cut to
the total uncertainty is summarized in Table 4.2. For the comparison of the determined upper limit to
model predictions (see chapter 6) the upper limit is increased by the estimated systematic uncertainty.
4.1.2 Background study
Possible sources of pi− and d, not stemming from real decays of the Λn bound state, to describe the
observed shape of the invariant mass distribution (Figure 4.6) are investigated. Therefore a "toy"
Monte-Carlo has been produced, which uses the measured Blast-Wave distribution of primary pions
and deuterons as input for the pT spectra. For the invariant mass distribution shown in Figure 4.13
primary d are combined with primary pi−. This reproduces the observed broad structure, but with the
maximum at a higher mass than in the distribution from real data (Figure 4.6). In a second step the
invariant mass was also reconstructed in a Monte-Carlo sample where the Λn bound states and the two-
body (3ΛH→3 He+pi) and three-body (3ΛH→ d+p+pi) decay of the hypertriton is injected. The resulting
invariant mass distribution, using all secondary deuterons and pions in this sample, is shown in black
in Figure 4.14. In red, the invariant mass distribution obtained only for deuterons and pions stemming
from the three body decay of the hypertriton is shown, whereas for the blue distribution this decay is
excluded. Taking all of this into account, the shape of the invariant mass distribution in real data can be
explained by an accumulation of two sources: The first one are primary deuterons, which due to limited
resolution were tagged as displaced. This can accidentally happen, if the momentum of the particles
is so low that the resolution of the DCA of these tracks is not sufficient to distinguish between primary
and secondary particles. The second source are deuterons from the three-body decay of the hypertriton.
In addition, all possible combinatorial possibilities between these two sources contribute as well. The
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cut value weighted background upper limit error in % total
efficiency ×10−4 error in %
Track cuts
> 70 0.030 10550 6.00
nclusters(TPC) > 60 0.031 11241 5.99 ± 0.12 } ± 0.7
> 80 0.028 9423 6.08 ± 1.28
< 5 0.030 10550 6.00
χ2/cluster < 4 0.029 10272 6.13 ± 2.08 } ± 1.12
< 6 0.030 10581 6.01 ± 0.15
V0 and kinematic cuts
Cosine of > 0.999 0.030 10550 6.00
pointing angle > 0.9985 0.030 13915 6.89 ± 14.80 } ± 14.74
(cos(Θ)) > 0.9995 0.029 7169 5.12 ± 14.67
< 0.3 0.030 10550 6.00
DCA V0 daughters < 0.4 0.032 12184 6.05 ± 0.73 } ± 0.56
(cm) < 0.2 0.027 8474 5.98 ± 0.38
3σ 0.030 10550 6.00
PID cut anti-deuteron 2σ 0.028 9371 6.06 ± 10.01 } ± 7.32
 ± 8.57
(TPC) 4σ 0.030 11550 6.28 ± 4.62
Energy loss dE/dx > 110 0.030 10550 6.00
anti-deuteron > 105 0.030 13049 6.67 ± 11.18 } ± 9.83
> 115 0.030 8831 5.49 ± 8.48
3σ 0.030 10550 6.00
PID cut pi+ 2σ 0.027 8692 6.05 ± 0.88 } ± 2.55
(TPC) 4σ 0.030 11462 6.25 ± 4.22
unknown pT shape
Blast-Wave Λn 0.030 10550 6.00
function d 0.032 10550 5.63 ± 6.25 } ± 24.563He 0.021 10550 8.57 ± 42.86
Sum ± 30.04
Table 4.2: Deviations of the efficiency (Monte-Carlo) and the background (data) after systematical variation of the
cuts and the corresponding influence on the upper limit. In green the nominal cuts are listed, whereas
the variation limits are highlighted in blue.
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Figure 4.12: Mean pT vs. mass for different particles and centralities [9].
shape is therefore of purely kinematic origin, with the major contribution from the three-body decay of
the hypertriton. It reflects the momentum distributions of the used pi− and d.
4.1.3 Lifetime studies
The lifetime of the Λn bound state is needed as input for the determination of the efficiency based on
Monte-Carlo productions. Therefore it influences the calculated upper limit as the efficiency depends
strongly on the assumed lifetime. All results presented up to now have used a simulation in which the
Λn bound state is injected with the lifetime of the free Λ (2.63·10−10 s). This was chosen, because the
lifetime of the hypertriton is of the same order as well. In addition, also the observation by the HypHI
experiment is in agreement with this value [22]6. In order to study the influence of the lifetime on the
efficiency, seven different values varying between 0.5 and 38 times the Λ-lifetime are investigated, see
Table 4.3. The behavior of the convoluted and integrated efficiency for the different lifetimes is shown in
Figure 4.15. Here the cutoff around 2 GeV/c is not applied yet. The efficiencies, with the cutoff included,
are shown in black in Figure 4.16. The efficiency increases slightly with larger lifetimes from 0.02 (0.5
×Λ-lifetime) up to 0.04 (5.3 ×Λ-lifetime). For even longer lifetimes it drops again until it is back to 0.02
(38 ×Λ-lifetime). The upper limit therefore is strongest for the 5.3 ×Λ-lifetime, which is also visible in
the black points in Figure 4.17. Table 4.3 summarizes the efficiencies as well as the upper limits for all
investigated lifetimes.
6 Meanwhile a resonance with a lifetime of 181 ps has been published [21].
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Figure 4.13: Invariant mass distribution in Monte-Carlo of primary deuterons and pions.
Figure 4.14: Invariant mass distribution in Monte-Carlo of deuterons and pions stemming from Λn bound states
and the three-body decay of the hypertriton (black), excluding the three-body decay of the hypertri-
ton (blue) and stemming only from the three-body decay of the hypertriton (red).
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Figure 4.15: The convoluted and integrated efficiencies as a function of the lifetime of the Λn bound state without
the cutoff around 2 GeV/c.
Figure 4.16: The convoluted and integrated efficiencies as function of the lifetime of the Λn bound state without
the absorption correction in black and with the absorption correction in red.
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Figure 4.17: Upper limits as function of the lifetime of the Λn bound state without the absorption correction in
black and with the absorption correction in red. In addition, the prediction of the thermal model at
156 MeV is drawn.
lifetime decay length multiple of convoluted and integrated upper limit absorption
(10−10 s) (cm) Λ-lifetime efficiency with cutoff (99% CL)
1.3 3.95 0.5 0.020 9.22 ·10−4 3%
2.63 7.89 1 0.030 6.03 ·10−4 6%
5.2 15.8 2 0.033 5.46 ·10−4 9%
14 41.8 5.3 0.041 4.39 ·10−4 23%
28 83.6 10 0.037 4.87 ·10−4 40%
42 125.4 16 0.032 5.63 ·10−4 40%
72 214.97 27 0.025 7.20 ·10−4 40%
100 299.8 38 0.020 9.22 ·10−4 40%
Table 4.3: Efficiency, upper limit and fraction of absorbed Λn bound states in dependence of the lifetime of the Λn
bound state.
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4.1.4 Absorption correction
For the final values of the upper limits the possible absorption of the Λn bound states in the detector
material has to be taken into account as well. So far the knowledge on the absorption of anti-nuclei is
very poor. Therefore an estimation obtained by Ramona Lea for the anti-hypertriton analysis was used7.
Table 4.3 summarizes in the last column the assumed fraction of absorbed Λn bound states, assuming
that the absorption of the Λn bound states would be as strong as for the anti-hypertriton. The Λn bound
state should have a smaller size than the anti-hypertriton, which additionally contains an anti-proton
bound in comparison to the Λn bound state. As the absorption of a particle depends also on its size,
the assumption that both particles would be absorbed equally strongly can be taken as an upper limit
of the absorption of the Λn bound states. Taking the absorption into account, the efficiency has to be
decreased by the fractions listed in the last column in Table 4.3. This leads to the red distribution in
Figure 4.16, assuming a 7% error on the absorption correction8. As the efficiencies are decreasing due
to the absorption correction, the upper limits will increase, which can be seen in the red distribution of
Figure 4.17.
4.2 H-dibaryon
The search for the H-dibaryon is performed in the decay channel H-dibaryon → Λ+ p+pi−, while the
Λ is reconstructed in the decay channel p + pi−, see also Figure 4.18. The analysis strategy is mainly
based on topological particle identification. Compared to the Λn bound state search, the background
from knock-out processes in the detector material is strongly reduced as both the Λ and the p come from
secondary vertices. Therefore, the search on the particle side is feasible for the H-dibaryon.
For the particle identification of the protons and the pions, a 3σ dE/dx cut in the TPC (see section 3.1)
is used for both the true Λ and the V0-like topology at the H-dibaryon decay vertex.
The reconstruction of a possible H-dibaryon starts with the identification of a Λ. This uses the same
algorithm for a V0 decay topology as in the search for the Λn bound state. If the V0 daughters are
identified as a proton and a pi− the invariant mass of this pair is determined. The resulting distribu-
tion is shown in Figure 4.19. For the further analysis only those candidates are accepted as Λs, whose
invariant mass lie in the 3σ window around of mΛ = 1.115GeV/c2. Afterwards these Λ-candidates
are combined with an additional secondary proton and pi−. The topology of this second proton and
pi− is similar to a V0, but their invariant mass is different from the Λ. The invariant mass of the
H-dibaryon candidate is then calculated from the Four-Vector of the Λ-candidate and the additional
proton and pi− properties and is shown in Figure 4.20. Since the latest theoretical discussions (see chap-
ter 1.2) conclude, that the H-dibaryon could either be a slightly bound state or an unbound resonance
between the ΛΛ and the Ξp threshold, these two thresholds are indicated with two arrows in Figure 4.20.
All used track, V0 and kinematic cuts are summarized in Table 4.4. They are especially tuned to cut
away pions, which are the most abundant particles produced in central Pb–Pb collisions at the LHC and
would otherwise produce a significant background.
For the efficiency estimation the same Monte-Carlo production as for the Λn bound state search is used.
In this production also the H-dibaryons are injected flat in pT. Therefore, in order to determine the
pT integrated efficiency, the Blast-Wave weighting method is used here as well. The used Blast-Wave
is shown in blue Figure 4.8 and the resulting weighted efficiency in Figure 4.21. The efficiency before
7 For details see [58].
8 Uncertainty taken from Table 6 in [58].
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Figure 4.18: Decay topology of the H-dibaryon [56].
Figure 4.19: Invariant mass of p and pi− for 19.3 · 106 central Pb–Pb events.
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cut value
Track cuts
Kink daughters rejected
TPC refit
nclusters(TPC) > 80
χ2/cluster < 5
Pseudo-rapidity |η|<0.9
V0 and kinematic cuts
Cosine of pointing angle of H-dibaryon cos(Θ)> 0.999
DCA between the V0 daughters DCA< 1 cm
DCA between the H-dibaryon daughters DCA< 1 cm
DCA between all tracks to the primary vertex DCA> 2 cm
PID cut proton 3σ (TPC)
PID cut pi− 3σ (TPC)
Rapidity of mother |y|< 1
Table 4.4: Cuts used for the H-dibaryon analysis.
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Figure 4.20: Invariant mass of the Λ, p and pi− for 19.3 · 106 central Pb–Pb events [55].
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Figure 4.21: Convolution of the Blast-Wave calculation for the H-dibaryon with the extracted acceptance x effi-
ciency from Monte-Carlo.
the weighting is determined to be of the order of 0.04, whereas the overall pT weighted efficiency 0.0301.
The statistical hadronization model (described in section 1.4) predicts also a value for the possible yield
per rapidity unit for the H-dibaryon. For 0 - 10% central Pb–Pb events (Npart = 350) and at a chemical
freeze-out temperature of 156 MeV this is dN/dy = 6.03 · 10−3 (see Figure 1.3). Taking this prediction
into account, the number of expected H-dibaryon particles can be calculated in the same manner as for
the Λn (see equation 4.1):
NH0, exp. w/o H0 BR = 1.91 · 107︸ ︷︷ ︸
events
·0.0301︸ ︷︷ ︸
eff.
· 0.64︸︷︷︸
BR(Λ)
·6.03 · 10−3︸ ︷︷ ︸
dN
dy
· 2︸︷︷︸
dy
≈ 4437 . (4.2)
To get an estimate for the expected yield at a given mass, this value has to be multiplied with the ex-
pected branching ratio of the H-dibaryon. From the calculation of J. Schaffner-Bielich and colleagues
(see Figure 4.22) it ranges from 0.1 for a deeply bound H to 0.64 at the ΛΛ threshold. Therefore
4437.4× 0.1≈ 444 H candidates for a deeply bound state and 4437.4× 0.64≈ 2840 for weakly bound
H close to the ΛΛ threshold are expected.
As the expected yield is not observed, the same strategy as for the Λn bound state utilizing the TRolke
package is used to set an upper limit of the production. This leads to an upper limit of 2.26× 10−4 for
the lightly bound H and 1.18× 10−4 for the strongly bound H.
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Figure 4.22: Theoretical calculation of the branching ratios of different H-dibaryon decay channels [59].
4.2.1 Systematic uncertainties
Similar to the case of the Λn bound state search the influence of the pT spectrum is the major source
of uncertainty, therefore the same strategy is used to determine it. As the mass of the H-dibaryon in
the investigated cases should as well lie between the deuteron and the 3He, their Blast-Wave fits (see
Figure 4.8) can also be used here as the extreme cases for the systematic studies. The resulting uncer-
tainty for the efficiency from the unknown pT-distribution is 0.0083. To further estimate the uncertainty
of the measured invariant mass, the topological cuts, which are shown in table 4.4, are varied for data
and Monte-Carlo systematically. This leads to a change in the efficiency up to 25%, resulting in an total
uncertainty of 30% on the upper limit.
4.2.2 Lifetime studies
The influence of the lifetime on the efficiency and therefore on the upper limit was studied using the
same seven Monte-Carlo productions as for the Λn bound state. In each of these productions a different
lifetime of the H-dibaryon was assumed (see section 4.1.3). The behavior of the efficiency is shown in
Figure 4.23, whereas the result for the upper limit is shown in Figure 4.24. The upper limit is strongest
for an assumed lifetime of the free Λ (2.63·10−10 s). It rises until it almost reaches the prediction from
the statistical hadronization model for the longest, though very unlikely, investigated lifetime of 1·10−8 s.
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Figure 4.23: Efficiency dependence on the lifetime of the H-dibaryon.
Figure 4.24: Upper limits as function of the lifetime of the H-dibaryon. In addition, the prediction of the thermal
model at 156 MeV is drawn.
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5 (Anti-)Alpha production
For the measurement of the alpha and anti-alpha production 38.75 million Pb–Pb events at
p
sNN = 2.76
TeV from the data taking period in 2011 are inspected. In order to gain as much statistics as possible, a
mix of central, semi-central and minimum bias triggers is used. All events with a centrality between 0
and 80% and a primary vertex which falls within a radius | Vz |< 10 cm around the interaction point are
accepted. The centrality selection is done using the VZERO detector (see chapter 2). Figure 5.1 shows
the resulting centrality distribution, whereas Table 5.1 summarizes the number of events analyzed in
each centrality class. In addition, the average dN/dη for each centrality class is given. This is needed
later in order to be able to determine the measured yield in only one centrality class, see section 5.5.
centrality number of events ×106 dN/dη
0 - 10 % 20.72 1447.5 ± 57
10 - 50 % 17.40 749 ± 47
50 - 80 % 0.63 86 ± 8
Table 5.1: Number of events analyzed in each centrality class and the corresponding dN/dη [60].
The track cuts used in this analysis are listed in Table 5.2. They ensure a minimum quality of the tracks,
but are on the other hand not very strict in order to avoid losing a 4He or 4He candidate. A restriction on
the D istance-of-C losest Approach (DCA) of the track to the primary vertex in the xy-plane (DCAx y) and
in the beam direction (DCAz) is applied to ensure that only primary particles are selected. In addition,
the matching of the tracks between the TPC and the TOF detector is required.
cut value
Kink daughters rejected
TPC refit
nclusters(TPC) > 80
χ2/clusters < 4
nclusters(ITS) > 2
Track matching between TPC and TOf required
DCA to the primary vertex DCAx y < 0.1 cm
DCA to the beam direction DCAz < 1.0 cm
Pseudo-rapidity |η|< 0.9
Table 5.2: Summary of track cuts.
For the identification of the 4He and 4He, the specific energy loss dE/dx measured with the TPC is used,
see section 3.1 for details. In a first step all events that have at least one particle with a dE/dx corre-
sponding to a 3He, respectively 3He, or a higher z particle, are selected. This offline trigger is indicated
with the red dashed line in Figure 5.2, on the left side for particles and right side for anti-particles.1
Then the 4He (4He) candidates are identified in a 3σ range around their theoretical Bethe-Bloch curve.
1 Figure 3.1 in chapter 3.1 shows the TPC dE/dx spectrum for negative particles without this selection.
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Figure 5.1: Centrality distribution including all analyzed minimum bias, central and semi-central events, in a
0-80% centrality range of the data sample used.
The 3σ TPC dE/dx selection is not sufficient enough, especially at higher rigidity p/z (the momentum p
of the particle divided by its charge number z) where the two Bethe-Bloch curves of 4He (4He) and 3He
(3He) are very close. Therefore, additional information from the TOF detector (see chapter 2 and 3.2)
is used.
With a mass m = 3.73 GeV/c2 the corresponding m2/z2 for 4He is 3.48 GeV2/c4. For 3He with a mass
m = 2.83 GeV/c2 the m2/z2 is 2.00 GeV2/c4. Due to the finite resolution of the detector, the candi-
dates will not show up exactly at this value in the m2/z2 distribution, but as a peak with a certain width.
Therefore, a mass window, in which the (anti-)alpha candidates are expected, has to be defined by fitting
a Gaussian with an exponential tail on the right side (because of the TOF signal shape) to the measured
m2/z2 distribution:
TOFsignal function=
P0 · e−
1
2

x−P1
P2
2
, if x≤ P3+ P1
P0 · e− 12

P3
P2
2
· e−P3· x−P3−P1P22 , if x> P3+ P1
(5.1)
where P0 is the normalization, P1 the mean value, P2 the sigma and P3 the value where the exponential
tail on the right side of the TOF signal distribution starts to be effective. In order to increase the statistics
for the fit, the distribution for alpha and anti-alpha particles are fitted simultaneously and, in addition,
secondary alphas are also included. This is done by opening the cuts on the DCA. In the plane perpen-
dicular to the beam axis the DCAx y cut is opened from < 0.1 cm to < 3 cm, whereas the DCAz cut along
the beam axis is opened from < 1 cm to < 2 cm. The resulting fit together with the m
2
z2
distribution is
shown in Figure 5.3. The four points on the left side of the distribution belong to 3He and 3He, but due
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Figure 5.2: TPC dE/dx spectrum for positive (left) and negative (right) particles after a selection (indicated with
the red dotted line) of events that contain at least one 3He respectively 3He or 4He respectively 4He
candidate. In full red lines the Bethe-Bloch parametrization for the different particle species are also
shown.
to the zoom to the mass region of (anti-)alphas, the corresponding peak is not fully visible. The resulting
fit parameters are:
• Normalization (P0) = 22.35 counts
• Mean (P1) = 3.40 GeV2/c4
• Sigma (P2) = 0.18 GeV2/c4
• Tail (P3) = 0.14 GeV2/c4
Based on the fit result, the mass window can be defined as follows:
• Lower limit (left side): Mean - 3σ = (3.40 - 3 · 0.18) GeV2/c4 = 2.86 GeV2/c4.
• Upper limit (right side): Due to the tail on this side, the fit function has to be integrated until
99.74% has been reached, which corresponds to 3σ. Thus, the upper limit of the mass window is
given by 4.87 GeV2/c4.
Therefore, 4He or 4He particles are expected to lie in the range between 2.86 (GeV2/c4) < m
2
z2
< 4.87
(GeV2/c4).
The 3σ dE/dx selection with the TPC and requirement of a hit in the TOF is not sufficient to suppress
the underlying background, either from 3He (3He) contamination or from TOF mismatch. Therefore the
4He and 4He particles can not be clearly identified, yet. This is the crucial part of the analysis in order to
finally have a clear sample of 4He and 4He particles.
The background due to mismatch in the TOF detector is reduced by applying a stricter cut in the dE/dx
vs. βγ = p/mTOF distribution: All candidates which fulfill the track cuts and have a dE/dx value corre-
sponding to the expectation of being at minimum a (anti-)3He are selected. These candidates are filled
in a 2D histogram, taking the TPC dE/dx on the y-axis and βγ = p/mTOF on the x-axis. The resulting
2D histograms are shown in Figure 5.4. The mean and the standard deviation σ of these distributions
is determined via fits to the distributions. Afterwards, all candidates, which lie outside a ±3σ range
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Figure 5.3: m2/z2 distribution for particles and anti-particles, including also secondary particles to increase the
statistics for the fit. The fit result is shown in red. The y-axis is expanded in order to show the peak
for alphas and anti-alphas. Therefore the peak corresponding to 3He is not fully visible. Only the
two points below 1 GeV2/c4, which correspond to the rise of the 3He peak, and the points around 2.5
GeV2/c4, where the peak goes down again, are visible.
around the determined mean, are excluded from the further analysis.
To study systematic effects originating from the TPC PID selection stricter cuts on the specific energy loss
measurement are investigated (the remaining background due to a possible 3He (3He) contamination is
investigated in section 5.2): whereas the upper limit of 3σ is always kept, the lower limit is decreased
in units of 0.5 from 3σ down to 0σ. In this way the selection goes further and further away from the
3He (3He) band in the TPC until only the upper half of the 4He (4He) TPC band is kept.
Figure 5.5 and 5.6 (for positive particles) and 5.7 and 5.8 (for negative particles) show some example
plots for m2/z2 (on the left) and the βTOF (on the right) distributions with the ±3σ cut in the dE/dx vs.
βγ distribution applied for the different TPC dE/dx selections. For the final yield the mean of all nine
different TPC selections is determined (see section 5.7).
5.1 Contamination from secondary particle production
The production of anti-particles from the detector material is strongly suppressed and therefore negli-
gible. However, for particles this is not the case and the alpha-particles stemming from these processes
have to be estimated. The TPC dE/dx spectrum for true alpha particles is investigated in a Monte-Carlo
simulation. Due to the low statistics of secondary alphas in the Monte-Carlo sample, the template fit
method, which is successfully used for lighter nuclei [9], can not be used for this analysis. The amount
of statistics needed is so large, that it will also not be possible to produce such a Monte-Carlo sample
in the near future. Therefore, the TPC dE/dx spectrum for only primary and secondary alphas is inves-
tigated instead. The corresponding distributions are shown in Figure 5.9: In the left panel for primary
and in the right panel for secondary alphas. Since the distribution for secondary alphas stops at p/z = 2
GeV/c, a cut p/z > 2 GeV/c seems to be reasonable in order to reject the background from knocked-out
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Figure 5.4: TPC dE/dx as function of βγ= p/mTOF for all candidates which fulfill the track cuts and have a dE/dx
of at minimum a (anti-)3He. The black dots show the mean of the distribution and the solid red line
shows the fit to this mean. The red dotted lines indicate a 3σ range around the mean.
On the left side for positive particles and on the right side for negative Particles.
Figure 5.5: Distributions for positive particles using the track cuts listed in table 5.2, a -3σ to 3σ TPC dE/dx
selection and a ±3σ cut in dE/dx vs βγ.
Left: m2/z2 distribution. The 4He particles are expected to lie between 2.86 (GeV2/c4) < m2/z2 <
4.87 (GeV2/c4).
Right: βTOF as function of the rigidity (p/z). The two lines indicate the theoretical
3He (red) and 4He
(blue) lines.
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Figure 5.6: Distributions for positive particles using the track cuts listed in table 5.2, a 0σ to 3σ TPC dE/dx
selection and a ±3σ cut in dE/dx vs βγ.
Left: m2/z2 distribution. The 4He particles are expected to lie between 2.86 (GeV2/c4) < m2/z2 <
4.87 (GeV2/c4).
Right: βTOF as function of the rigidity (p/z). The two lines indicate the theoretical
3He (red) and 4He
(blue) lines.
Figure 5.7: Distributions for negative particles using the track cuts listed in table 5.2, a -3σ to 3σ TPC dE/dx
selection and a ±3σ cut in dE/dx vs βγ.
Left: m2/z2 distribution. The 4He particles are expected to lie between 2.86 (GeV2/c4) < m2/z2 <
4.87 (GeV2/c4).
Right: βTOF as function of the rigidity (p/z). The two lines indicate the theoretical
3He (red) and 4He
(blue) lines.
58 5 (Anti-)Alpha production
Figure 5.8: Distributions for negative particles using the track cuts listed in table 5.2, a 0σ to 3σ TPC dE/dx
selection and a ±3σ cut in dE/dx vs βγ.
Left: m2/z2 distribution. The 4He particles are expected to lie between 2.86 (GeV2/c4) < m2/z2 <
4.87 (GeV2/c4).
Right: βTOF as function of the rigidity (p/z). The two lines indicate the theoretical
3He (red) and 4He
(blue) lines.
alphas. The number of raw counts in 2.86 (GeV2/c4) < m2/z2 < 4.87 (GeV2/c4) without and including
a p/z > 2 GeV/c cut are summarized in Table 5.3. For comparison here also the numbers for anti-alphas
are listed, but the influence here is much smaller. This is expected because most (80 %) of the (anti-)4He
yield should sit above 2 GeV/c, see the Blast-Wave distribution in Figure 5.11.
alpha anti-alpha (only for comparison)
sigma raw counts raw counts raw counts raw counts
range TPC no with no with
p/z cut p/z > 2 GeV/c cut p/z cut p/z > 2 GeV/c cut
-3σ to 3σ 30 9 14 11
-2.5σ to 3σ 30 9 13 11
-2σ to 3σ 28 8 13 11
-1.5σ to 3σ 26 7 12 11
-1.0σ to 3σ 25 7 11 10
-0.5σ to 3σ 20 4 10 9
0σ to 3σ 17 3 8 7
Table 5.3: Comparison of raw counts in 2.86 (GeV2c4) < m
2
z2
< 4.87 (GeV2/c4) with and without using a p/z > 2
GeV/c cut. This will only be used for alphas, but for comparison the numbers for anti-alphas are also
given.
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Figure 5.9: TPC dE/dx spectrum for true alphas in an (anti-)alpha enhanced Monte-Carlo sample. Left: Only
primary alphas. Right: Only secondary alphas.
5.1.1 Estimation of the remaining contamination of secondary particle production
As it is not possible to simulate as many events in Monte Carlo as exist in data, the below described
procedure is used in order to estimate the remaining secondary background above p/z > 2 GeV/c:
The TPC dE/dx spectrum for true secondary alphas in the alpha enhanced sample has been projected
on the x-axis. The result is shown on the left side of Figure 5.10. The obtained distribution is fitted with
an exponential function (shown in red). The fitted function is integrated above 2 GeV/c and the result
is normalized to the bin width. This leads to a value of 0.9, which has to be weighted by the number of
events in Monte-Carlo (269962) and in data (38.74 ·106). Leading to a final secondary contamination
above p/z > 2 GeV/c of (0.9 · 38.74 ·106)/269962 = 129.3 counts. So far this was done for all true
secondary alphas in Monte-Carlo without applying the track cuts used in data. If the same track cuts
from data are also applied in Monte-Carlo, only 5 secondary alphas from the former 5375 candidates
survive. As such, the described procedure can not be done. Instead, the previously mentioned 129.3
counts will be reduced by a factor 1000 (5/5375 ≈ 1 · 10−3 ), which is the difference in Monte-Carlo
between the number of secondary alphas with and without using the track cuts. This leads to 0.13 counts
above p/z > 2 GeV/c. Introducing a safety factor of 10 leads to the final value of an expected maximum
of 1.3 counts for the remaining secondary alpha particles above p/z > 2 GeV/c. If the uncertainty of the
fit is used instead, this leads to a maximum of 0.17 counts. Since the limited statistics in Monte-Carlo
introduces a large uncertainty, the 1.3 counts will be assigned as systematic uncertainty for the secondary
contamination.
5.2 Background estimation
Although the different TPC PID cuts, the TOF matching cut and the rigidity cut (only for alphas) reduce
the underlying background in the m2/z2 distribution significantly, it is possible that still some background
from TOF mismatch or (anti-)3He particles in the mass region of (anti-)4He remains. This magnitude of
background needs to be estimated. Therefore, the cut on the TOF matching is inverted and the m2/z2
distributions are investigated outside the ±3σ cut in dE/dx vs βγ. Afterwards, these candidates are
filled into the m2/z2 distribution. A fit outside the (anti-)4He mass region is performed, using a linear
function. Empty bins are appropriately taken into account in the fit procedure. The results are summa-
rized in Table 5.4.
Due to low statistics, this method can not be used for very strict TPC PID cuts as there are no counts in the
m2/z2 distribution outside the peak region. Therefore, a different approach is used here, which assumes
a constant ratio of 3He to background counts (Constant ratio = ( 3He / background counts)). In order
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Figure 5.10: TPC dE/dx spectrum for true secondary alphas in Monte Carlo. On the left side the projection on the
x-axis is shown together with an exponential fit. Here no track cuts have been applied. On the right
side the same track cuts as in data have been applied.
alpha anti-alpha
sigma raw raw estimated background raw raw estimated background
range counts counts background subtracted counts counts background subtracted
TPC 4He 3He raw counts 4He 3He raw counts
-3σ to 3σ 9 1082 3.28 5.72 14 1028 5.25 8.75
-2.5σ to 3σ 9 892 2.63 6.37 13 785 4.60 8.40
-2σ to 3σ 8 673 1.97 6.03 13 561 3.93 9.07
-1.5σ to 3σ 7 472 1.97 5.03 12 376 1.97 10.03
-1.0σ to 3σ 7 314 0.65 6.35 11 227 1.32 9.68
-0.5σ to 3σ 4 183 0.65 3.35 10 138 0.79 9.21
0σ to 3σ 3 109 0.32 2.68 8 75 0.43 7.57
Table 5.4: Summary of the raw counts and estimated background. The red marked background is estimated using
a constant ratio of 3He to background.
to use this estimation, the number of (anti-)3He needs to be determined for each TPC PID selection. The
ratio of 3He to background counts is calculated for each TPC PID bin, in which the estimation with the
likelihood fit was still possible. The mean value of this ratio is 343 for positive particles and 175 for
negative particles. Therefore the background can be estimated with:
• Background =
3He
343
for positive particles
• Background =
3He
175
for negative particles
5.3 Efficiency and acceptance correction
The Efficiency × Acceptance is determined by using the Monte Carlo production mentioned in sec-
tion 5.1, which is enhanced with (anti-)alpha particles. The efficiency is pT dependent, but due to
the very low number of candidates the pT spectrum of the (anti-)
4He particles can not be measured.
Therefore, the efficiency has to be weighted with the shape of the pT spectrum. For this a Blast-Wave
calculation (see Figure 5.11) is used. This calculation uses a Blast-Wave fit to the measured deuteron
and 3He spectra in Pb–Pb [9] as input. The procedure is the same as for the search of the exotic bound
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Figure 5.11: Blast-Wave distributions for deuterons (black), 3He (green), 4He (red) and a fictive mass 5 particle
(blue). The Blast-Wave distributions for deuterons and 3He are obtained by a fit to the measured
spectra in Pb–Pb data. Whereas the curves for 4He and a fictive mass 5 particle are extrapolations,
which are based on the parameters obtained from the deuteron and 3He fits. The integrals are
normalized to one.
states (H-dibaryon and Λn bound state, see chapter 4). From the convolution of the efficiency with the
Blast-Wave calculation one gets the true efficiency as the integral of the convoluted function shown in
Figure 5.12. This leads to an overall pT-weighted efficiency of 0.150 for alphas and 0.214 for anti-alphas.
For this only the track cuts listed in Table 5.2 and the p/z > 2 GeV/c cut for alphas are taken into ac-
count. The other cuts (TPC nσ and TOF matching cut) are taken into account separately in the following
section 5.3.1.
5.3.1 Efficiency and acceptance correction for the different cuts
The influence of the different TPC PID cuts and the TOF matching cut (±3σ cut in the dE/dx vs. βγ
distribution) on the Efficiency × Acceptance is studied. In order to take the TPC PID cut into account,
the following method is used:
In a data driven approach the difference between the measured TPC signal for 3He candidates and
the theoretical Bethe-Bloch value for 3He at the given momentum normalized to this value is obtained 
dE/dxTPC− dE/dx3He/ dE/dx3He. The resulting distribution is fitted with a Gaussian. Now the
percentage of counts inside the different investigatedσ-ranges compared to the total number of counts in
the histogram is calculated and the efficiency is weighted with the resulting percentage. The advantage
of this method is, that it takes the tail on the right side of the distribution into account. The same
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Figure 5.12: Convolution of the Blast-Wave calculation (Figure 4.8) with the extracted Acceptance x Efficiency
distributions from Monte Carlo.
procedure is done to correct for the TOF matching cut. The resulting percentage in this case is 95.5 %,
meaning the weighted efficiencies have to be reduced by 4.5 %. The results are summarized in Table 5.5.
5.4 Absorption
The possible absorption of the 4He by the crossed material has been studied in the same way as for the
3He in Pb–Pb [9]. This means, that the absorption is estimated by using the two different transport codes
GEANT3 [61] and GEANT4 [62]. In order to take the absorption into account, the used GEANT3 is a
slightly modified version compared to the standard. The measurements of anti-deuterons done at Ser-
pukhov [63] were taken into account to implement an empirical optical model [64] for the absorption.
Instead, in GEANT4 an implementation of a Glauber model is used, which is based on the measured
hadronic interaction cross-section for (anti-)protons [65]. The final value for the absorption is taken
Alpha Anti-Alpha
Sigma Percentage Weighted TOF TPC Weighted TOF TPC Absorption
range of efficiency matching nσ efficiency matching nσ corrected
TPC total yield corrected corrected corrected corrected
-3σ to 3σ 94.9 0.150 0.143 0.136 0.214 0.204 0.194 0.180
-2.5σ to 3σ 94.1 0.150 0.143 0.135 0.214 0.204 0.192 0.179
-2σ to 3σ 92.2 0.150 0.143 0.132 0.214 0.204 0.189 0.175
-1.5σ to 3σ 88.3 0.150 0.143 0.126 0.214 0.204 0.180 0.168
-1.0σ to 3σ 79.8 0.150 0.143 0.114 0.214 0.204 0.163 0.152
-0.5σ to 3σ 65.2 0.150 0.143 0.093 0.214 0.204 0.133 0.124
0σ to 3σ 47.0 0.150 0.143 0.067 0.214 0.204 0.096 0.089
Table 5.5: Summary of the efficiency corrections due to the different nσ cuts in the TPC. For anti-alpha particles
in addition the absorption correction is taken into account.
5.4 Absorption 63
Figure 5.13: Ratio between the Efficiency x Acceptance of 4He and 4He using GEANT4.
from GEANT4, whereas the difference to the patched GEANT3 is taken as the systematic uncertainty.
The resulting weighted efficiency, if using GEANT4, is 0.199 and the systematic uncertainty due to the
poorly known absorption is 7 %. Figure 5.13 shows the difference between the efficiency of 4He and 4He
using GEANT4. In the last column of Table 5.5 the Efficiency x Acceptance is reduced by 7% in order to
correct for the absorption.
5.5 Corrected yield
The corrected yield is calculated using the following equation:
dN
dy
=
N4He, rec
Nev ents · efficiency · d y (5.2)
As the measurement is performed on a data set including central, semi-central and minimum bias trig-
gered events and in a 0-80% centrality interval, this has to be corrected by the dN/dη weighted with the
number of events measured in each centrality class (see table 5.1):
weighting factor=

2.072 · 107 · 1447.5+ 1.740 · 107 · 749+ 0.063 · 107 · 86/3.874 · 107 ≈ 1112
(5.3)
This leads to the final calculation of the yield of
dN
dy
(0− 10%) = N4He, rec
Nev ents · efficiency · dy ·
1447.5
1112
(5.4)
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Alpha Anti-Alpha
Sigma Background Corrected dN/dy Background Corrected dN/dy
range corrected weighted (0-10 %) corrected weighted (0-10 %)
TPC raw counts efficiency ×10−7 raw counts efficiency ×10−7
-3σ to 3σ 5.72 0.136 7.06 8.75 0.180 8.14
-2.5σ to 3σ 6.37 0.135 7.94 8.40 0.179 7.89
-2σ to 3σ 6.03 0.132 7.67 9.07 0.175 8.69
-1.5σ to 3σ 5.03 0.126 6.68 10.03 0.168 10.04
-1.0σ to 3σ 6.35 0.114 9.33 9.68 0.152 10.72
-0.5σ to 3σ 3.35 0.093 6.03 9.21 0.124 8.14
0σ to 3σ 2.68 0.067 6.68 7.57 0.089 14.23
Table 5.6: Summary of dN/dy in 0-10%.
This way of weighting the yield assumes a constant ratio 4He/pi. Table 5.6 summarizes the obtained
corrected yields.
5.6 Systematic uncertainties
In order to estimate the systematic uncertainty of the measured dN/dy depending on the efficiency and
the measured counts in the m2/z2 distribution, the used cuts are varied systematically for Monte-Carlo
and data. Table 5.7 shows how the efficiencies change when the variation of the track cuts is performed.
This variation is done before taking into account the different factors for TOF matching (× 95.5 %), for
the different nσ TPC cuts (× 94.9 % (-3 to 3σ) down to 47 % for 0 to 3σ) and in case of the anti-
alpha also for the absorption correction (× 93 %). The total systematic uncertainties are summarized
in Table 5.8. Figure 5.14 summarizes the dN/dy for all the different nσ TPC cuts together with the
statistical uncertainties as vertical lines and the systematic uncertainties as boxes, in blue for alphas and
in red for anti-alphas. The main contributions to the systematic uncertainty are:
• Unknown pT shape→ Blast wave convolution 13 %
• p/z > 2 GeV/c cut for alphas, around 4 to 13%
• Absorption correction for anti-alphas 7 %
• Remaining secondary contamination above p/z > 2 GeV/c for alphas of 1.3 counts leading to a
uncertainty of 20 % to 49 %
Other contributions are
• The systematic uncertainty on the chosen TPC PID cut, varying between 1 and 19 %.
• The contributions from track cuts are negligible (< 1 %).
• The systematic uncertainty on the dE/dx vs. βγ is varying between 1 and 18 %.
5.7 Final dN/dy
For the final values of dN/dy the mean of all the different cut sets is calculated. The mean value for
alphas is dN/dy4He = (0.8± 0.4 (stat)± 0.3 (syst))× 10−6 , whereas for anti-alpha the corresponding
mean value is dN/dy4He = (1.1± 0.4 (stat)± 0.2 (syst))× 10−6. The ratio anti-alpha/alpha is 1.4±
0.8(stat)± 0.5(syst).
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Track Cut Value Alpha efficiency Anti-alpha efficiency
Nominal value not corrected for TPC PID, 0.150 0.214
TOF matching and absorption
80
Minimum clusters TPC 70 0.150 0.214
90 0.149 0.212
4
Maximum χ2 per Cluster TPC 3 0.150 0.214
5 0.150 0.214
2
Minimum cluster ITS 1 0.150 0.214
3 0.148 0.212
< 0.1 cm
DCAx y < 0.05 cm 0.150 0.214
< 0.15 cm 0.150 0.214
< 1.0 cm
DCAz < 0.5 cm 0.150 0.213
< 1.5 cm 0.150 0.214
> 2 GeV/c -
p/z > 1.5 GeV/c 0.196 -
> 2.5 GeV/c 0.101 -
Table 5.7: Summary of the change of the efficiencies due to systematic changes of the track cuts and the rigidity
cut.
Systematic uncertainty
Sigma range TPC Alpha Anti-alpha
-3σ to 3σ 30.7% 22.6%
-2.5σ to 3σ 26.6% 21.9%
-2σ to 3σ 25.8% 18.2%
-1.5σ to 3σ 33.0% 16.3%
-1.0σ to 3σ 31.5% 16.2%
-0.5σ to 3σ 45.7% 16.6%
0σ to 3σ 52.1% 17.3%
Table 5.8: Summary of the total systematic uncertainty for the different nσ TPC cuts.
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Figure 5.14: Summary of dN/dy in 0-10% for the different nσ cuts in the TPC. Blue for alpha and red for anti-
alpha. The vertical lines represent the statistical uncertainties, whereas the boxes represent the
systematic uncertainties.
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6 Discussion
The search for the Λn bound state and for the H-dibaryon (ΛΛ) did not lead to the observation of a sig-
nal in the corresponding invariant mass distributions. Thus, upper limits on the production rate dN/dy
have been set. For the determination of the upper limits the branching ratio is needed. In order to
cancel the uncertainty related to the unknown branching ratio, the upper limits have also been deter-
mined independent from the branching ratio. These results are shown as black lines in Figure 6.1. As
these are the experimentally obtained results, they are constant values. The different theory predictions
on the other hand are drawn for all theoretically possible branching ratios and are therefore not constant.
The following three theories have predictions for both exotic bound states: The non-equilibrium thermal
model [66], its prediction is drawn in green. The predictions from the equilibrium thermal model [67]
for a temperature of 164 MeV are shown in blue full line and for a temperature in 156 MeV in blue
with a dashed line. The temperature of 156 MeV is the result of the current best fit to the available
data [4], whereas the temperature of 164 MeV was the predicted temperature for LHC Pb–Pb collisions
before data was available [68]. Finally, there is also a prediction from a hybrid UrQMD calculation [69],
which is drawn in yellow. Available predictions for the H-dibaryon from coalescence models are shown
in red. The full red line corresponds to a prediction which assumes quark coalescence, whereas the
dashed red line shows the prediction that assumes hadron coalescence. Both coalescence predictions are
taken from [70]. A short description of the different models was presented in chapter 1.
For a wide range of the branching ratio the obtained upper limits are well below the predictions from
the different referred theories. The predictions are at least a factor of 5 above the obtained upper limits,
if the branching ratio is greater than 5% in case of the Λn bound state or greater than 20% in case of the
H-dibaryon.
For the branching ratio independent comparison to the different model predictions the lifetime of the
exotic bound states was assumed to be the same as the one of the free Λ hyperon (2.63 ×10−10s). Yet,
the determined upper limits also strongly depend on the assumed lifetime, see Figure 6.2. For all investi-
gated lifetimes the upper limits stay below the prediction of the thermal model for a temperature of 156
MeV, which is shown as a blue dashed horizontal line in Figure 6.2. Only for very long lifetimes, with a
decay length of 2 or more meters, the upper limits for the H-dibaryon come close to the model prediction.
However, it is very unlikely that the two investigated bound states have a lifetime which is much longer
than the one of the free Λ hyperon and small branching ratios. Therefore, there the obtained limits are
at least a factor 5 below the predictions.
On the other hand, alpha and anti-alpha particles have been observed. Although these particles are sel-
dom produced, it was possible to measure the rapidity densities. The resulting dN/dy corresponding to
0-10% centrality for alphas is dN/dy4He = (0.8± 0.4 (stat)± 0.3 (syst))× 10−6 , whereas for anti-alpha
particles the corresponding value is dN/dy4He = (1.1 ± 0.4 (stat) ± 0.2 (syst)) × 10−6. This is good
agreement with the prediction of the thermal model, which states 6.91× 10−7 for a centrality of 0-10%
and for a temperature of 156 MeV. The obtained rapidity densities dN/dy are also in agreement with
a penalty factor of about 300 for the dN/dy for each additional nucleon, which has been previously
observed for protons, deuterons and 3He [9, 71]. Figure 6.3 summarizes all so far measured rapidity
densities and shows in addition in blue exponential fits to the data points, which resulted in the penalty
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Figure 6.1: The BR× (dN/dy) as function of the branching ratio (BR). In the upper panel for Λn and in the lower
panel for ΛΛ. The upper limits, which have been determined under the assumption of a lifetime of the
exotic bound states equal to the one of the free Λ hyperon, are shown in black lines. For these limits
the branching ratio has not been taken into account. On the contrary, the theory predictions (colored
lines) are drawn for all possible branching ratios. The color code for the different theories is explained
in the text. The red arrows show the most likely branching ratio of 54% (Λn) and 64% (ΛΛ) taken
from [57, 59]. The Figure has been also published in [55].
factor of about 300.
The very loosely bound hypertriton, which is a bound state of a proton, a neutron and a Lambda hy-
peron, has a separation energy of the Lambda from the deuteron of 130 keV and has also been measured
with ALICE [6]. The determined dN/dy is also in agreement with the thermal model prediction for 156
MeV.
In conclusion, the ALICE experiment has shown that it has the capability to measure particles with small
production rates (alpha and anti-alpha particles) or loosely bound objects (hypertriton). Lighter nuclei
(deuterons and 3He) have also been measured already [9]. In all cases the determined rapidity densities
are in good agreement with the predictions of the thermal model, see Figure 6.4. Therefore, one can also
assume that the prediction for the production yield of the Λn bound state and of the H-dibaryon from
the thermal model is as well reasonable and the existence of the two exotic bound states is questionable.
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7 Summary and Outlook
The knowledge of the existence of light bound states beyond the deuteron is of great interest for hadron
physics. As the prediction of such states from theoretical considerations needs very high precision cal-
culations, experimental investigations can help to improve the present understanding of the interaction
between light baryons. Therefore, within this thesis a search for two exotic bound states has been per-
formed. The H-dibaryon has been investigated in the decay channel H→ Λ+ p+pi−, whereas the search
for the Λn bound state was based on in the decay channel Λn → d + pi+. In both invariant mass dis-
tributions no signal has been observed, although the thermal model predicts around 25.000 Λn and
depending on the binding energy between 440 (strongly bound) and 2800 (weakly bound) H-dibaryons
for the investigated data (19.3 · 106 events in a centrality range of 0-10% from the 2011 data set of
Pb–Pb collisions at
p
sNN = 2.76 TeV). Upper limits on the rapidity densities have been set. For reason-
able lifetimes and branching ratios these upper limits are well below different theory predictions from
equilibrium, non-equilibrium, hybrid UrQMD and coalescence models.
The alpha and anti-alpha particles have been detected in 38.75 million Pb–Pb events in a mix of
central, semi-central and minimum bias triggers. They are the heaviest nuclei produced and de-
tected in a ultra-relativistic heavy-ion collision so far and the anti-alpha is the heaviest anti-nucleus
which has ever been observed. The determined rapidity densities in 0-10% centrality are dN/dy4He =
(0.8± 0.4 (stat)± 0.3 (syst))× 10−6 and dN/dy4He = (1.1± 0.4 (stat)± 0.2 (syst))× 10−6. They are
in good agreement with the prediction of the thermal model of 6.91 × 10−7 at a chemical freeze-out
temperature of 156 MeV. This temperature was determined by fitting the already measured results of
lighter particles. For the resulting temperature is does not matter much, if the nuclei are included in the
fit or not. The ratio of anti-alpha/alpha is 1.4± 0.8(stat)± 0.5(syst). Within the substantial errors, this
is in good agreement with the assumption that the same amount of matter and anti-matter is produced
from the fireball as expected by thermal and coalescence models [73].
For higher precision measurements of the (anti-)alpha rapidity densities and the anti-alpha/alpha ratio
more statistics is needed. This will be available with the new run 2, which has been started in spring
2015 after the long shut down 1. Further statistics will also be gained with run 3, which will start in 2021
after the long shutdown 2, which will begin in 2018. For run 3 for example, around 5500 alpha particles
are expected in Pb–Pb collisions at
p
sNN = 5.5 TeV. This will not only decrease the statistical uncertainty,
but will clearly also allow for the measurement of a transverse momentum spectrum. Therefore, the
largest systematic uncertainty due to the lack of knowledge of the shape of the transverse momentum
spectrum will be reduced. In addition, a new Monte Carlo simulation with much more statistics will be
needed. This would decrease the uncertainty on the secondary correction for the alpha analysis, because
with more statistics so called "template" fits are possible like they are already done for the deuteron anal-
ysis [9]. These fits allow for a more precise determination of the secondary contamination and therefore
it will be possible to measure also alpha particles with a rigidity smaller than 2 GeV/c.
In addition, the measurement of the absorption of anti-deuterons has started with the available Pb–Pb
data from 2011. This measurement will help to understand also the absorption of anti-3He and anti-
alpha. This knowledge will not only decrease the uncertainties, but it will help in understanding the
interaction between matter and anti-matter. Further, the measurement of ΛΛ correlations and the search
for a possible Λnn bound state are already ongoing with the existing data. Although for the correlation
measurement it also seems that more statistics will be needed. With the new data even more exotic
73
bound states like the Ξp will be accessible, if they exist.
In conclusion, it has been shown that with the ALICE detector it is possible to measure rarely produced
particles like the light nuclei as well as loosely bound objects as the hypertriton. All determined rapidity
densities agree with the predictions of the 156 MeV thermal model. With the observation and the
determination of the rapidity density of the hypertriton is has also been shown, that even very loosely
bound objects survive the hot and dense medium. Therefore, also the H-dibaryon and the Λn bound
state should have been observed, if they exist.
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